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ABSTRACT 
 
 
The lithium-ion battery is one of the most widely used rechargeable batteries in 
today’s life. As an energy storage device, it can convert the stored chemical energy into 
electrical energy when it is being used. Titanium dioxide nanocrystals are well-known for 
the photocatalytic ability. However, benefited from the nanostructure and the 
electrochemical reactivity of lithium-ions, titanium dioxide nanocrystals are also 
investigated as a promising anode material used for the lithium-ion battery. It is safer 
than graphite as it can prevent the lithium deposition and formation of the solid 
electrolyte interphase; additionally, it is an environmentally friendly and economical 
material that can also provide good theoretical capacity. These superiorities have 
attracted many research interests and make it a target material in this dissertation. 
 iv
However, the battery made by titanium dioxide suffers poor battery performances 
that are caused by two major drawbacks of the material. The low electronic conductivity 
in the solid phase and the low diffusion coefficient of lithium-ions cause only a thin 
surface layer of the titanium dioxide particle to be effectively used for the intercalation 
and extraction of lithium-ions at high charge/discharge rates; thus, the actual application 
is hindered. In order to improve the battery performances, three modification methods 
were discussed: hydrogenation, vacuum treatment, and carbon coating. The structural and 
electronic properties of the pure titanium dioxide nanocrystals and the new modified 
titanium dioxide nanocrystals were studied with: transmission electron microscopy, x-ray 
diffraction patterns, Raman spectroscopy, Fourier transform infrared spectroscopy, 
thermal gravimetric analysis, 1H magic-angle spinning solid state nuclear magnetic 
resonance spectroscopy, electron spin resonance spectroscopy, and x-ray photoelectron 
spectroscopy. The coin cells used titanium dioxide nanocrystals as electrode materials 
and were tested and analyzed in terms of discharge capacity, Coulombic efficiency, and 
rate performance. The electrochemical impedance spectroscopy was also studied in order 
to understand the electrochemical system. Compared with the pure titanium dioxide 
nanocrystals, the hydrogenated titanium dioxide nanocrystals, the vacuum-treated 
titanium dioxide nanocrystals, and the carbon-coated titanium dioxide nanocrystals 
showed improved battery performances. The structure and battery performances of three 
different titanium dioxide nanocrystals were related and discussed systematically. 
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CHAPTER 1  
INTRODUCTION 
1.1 Development of the Lithium-Ion Battery 
Nowadays, life quality is much higher than before. But the modern life is highly 
based on the huge consumption of energy. Meanwhile, the increasing population poses an 
extremely heavy pressure on the traditional resources. Numerous research efforts have 
been put into the realm of energy since the 19th century.1-6 It includes but is not limited to 
the renewable energy,1 energy storage,6,7 and energy conversion.7 Among them, battery 
development has attracted the significant attention for energy storage.6,8-10 A battery is a 
device that can store electrical energy into chemical energy and convert the stored 
chemical energy back into electrical energy when it is being used. It can be used in 
devices as big as auto vehicles and parts as small as microchips and all electric equipment 
that can be imagined. There are mainly two types of batteries: primary batteries and 
secondary batteries. Primary batteries are generally designed to be used once and 
discarded after use. Zinc-carbon battery, alkaline battery, and metallic lithium battery 
belong to that category.11 Secondary batteries are also called rechargeable batteries, 
which can be used within a certain period of time. This type of batteries mainly includes 
the lead-acid battery, nickel-cadmium battery, nickel-metal hydride battery, and lithium-
ion battery.11 
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However, the problem of how to increase the performance of rechargeable batteries 
for further application is still under investigation and needs much more effort. The 
improvements should be focused on the stored energy, power, cycle life, safety, and 
price.12,13 
The first primary battery called Volta’s cell6,14 was invented in 1800. It used zinc 
and silver discs that were separated by a cardboard as well as a sodium chloride solution. 
In 1836, this kind of battery form was evolved into the Daniel cell that had two 
electrolytes. In 1866, French engineer Georges-Lionel Lechaché15 further improved it 
into Lechaché cell, which used a zinc rod negative electrode as an anode, a manganese 
oxide-carbon mixture as a cathode, and an aqueous ammonium chloride solution as an 
electrolyte. Although this battery is not used anymore, this concept is widely utilized still 
today and has made a huge contribution to the commercial market. As for the 
rechargeable batteries, the lead-acid battery was invented by French scientist Gaston 
Plantè6 in 1859. The first nickel-cadmium battery was created by Swedish engineer 
Waldmar Jungner6,14 in 1899. These systems also play a significant role in today’s 
market. 
A new approach that exploited lithium as an electrode material appeared from the 
1970s.6,14,16 Because of the low density, lithium can provide high theoretical specific 
capacity or energy density. Numerous cathode materials have been developed for this 
lithium primary battery. The typical battery cells were lithium/manganese dioxide cells, 
lithium/iodine cells, lithium/thionyl chloride cells, lithium/iron sulphide cells, and lithium 
polymer cells.9 These batteries have their specific applications. In theory, lithium metal 
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batteries could be made as secondary batteries because lithium-ions formed in the 
discharge process are expected to be reduced to lithium metal during the charge process. 
However, this is not the case for two reasons.11 First, the lithium metal generated in the 
negative electrode has the form of dendrites that will easily cause short-circuiting.11 
Second, metallic lithium has a high reaction activity, which has a big impact on battery 
performances, such as inadequate cycle durability and safety issues.11 
The concept of intercalation was introduced in order to make lithium rechargeable 
batteries. Here, intercalation means a reversible insertion process. It is based on the host 
material that can reversibly accept and release lithium-ions in and out without any 
significant change of its lattice structure except for a minor expansion or shrinkage.6,14 
During the charge process, the negative intercalation electrode that is an anode in this 
system acts as “lithium-accepting sink,” while the positive intercalation electrode that is a 
cathode plays a role as “lithium-providing source.”14 During the discharge process, 
electrochemical reactions happen reversely. Due to the nature of “rock” for lithium-ions, 
the new battery system is called the lithium rocking chair battery. The initial research 
began with cathode materials for the lithium rechargeable batteries, from layered 
dichalcogenides, then spreading to trichalcogenides and oxides.17 For anode materials, 
graphitic carbon is one of the most widely accepted forms. A nonaqueous solution that 
commonly contains a lithium salt dissolved in a mixture of organic solvents works as the 
electrolyte. In 1991, SONY successfully commercialized this kind of battery for the first 
time, using lithium cobalt oxide (LiCoO2) as a cathode material and carbonaceous 
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materials as an anode material. It has extensively explored research interests worldwide. 
The battery has a new name: the lithium-ion battery. 
The lithium-ion battery is considered to be a promising rechargeable battery. It uses 
a lithium-containing mixture as an electrolyte material, making lithium-ions move 
between the cathode and the anode during the charge and discharge processes. Different 
from the lithium primary battery, lithium metal is replaced by the lithium source 
material(s) in the system of the lithium-ion battery, reducing the high safety risk caused 
by dendrites.  
Besides, compared to other batteries, the lithium-ion battery has two main 
advantages. First, its high specific energy (~ 180 Wh/kg at an average voltage of 3.8 V12) 
makes it suitable for portable electronic devices. By comparison, the specific energy of 
lead-acid batteries is 33-42 Wh/kg.18,19 Second, it has long cycling numbers as lithium-
ions can be reversibly intercalated and extracted between the lithium-accepting anode and 
lithium-source cathode without destroying the structure of the host materials.12 It also has 
other advantages, such as a low self-discharge rate, simple and efficient production 
processes.11 
Due to these advantages, its applications are not restricted to electronic devices. It 
can be used for hybrid electric vehicles (HEVs) and electric vehicles (EVs) as well as 
stationary power sources for storing energy from wind and solar power.12 However, these 
applications require higher properties. Also, different types of lithium-ion batteries are 
needed in order to meet different application focuses. For example, for HEVs, the 
required specific energy density and specific power density should be above 50 Wh/kg 
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and 3 kW/kg, respectively. For EVs, the desired values are even higher.20 Moreover, both 
HEVs and EVs should have the ability of fast charging. However, when charge and 
discharge rates increase, a large polarization will occur. It is thought to be caused by the 
slow diffusion rates of lithium-ions in the solid phase and it hinders the further capacity 
performance.21 Hence, the high-rate performance is difficult to achieve. Besides, as the 
lithium-ion battery always has highly toxic and flammable solvents in the electrolyte, it 
poses a safety hazard if it is used improperly, such as overcharging or short circuits. Last 
but not least, the cost for the battery should be affordable for popularization. Therefore, 
in order to develop new lithium-ion batteries to meet high requirements for different 
applications, three main directions should be considered. First, make progress in the 
specific capacity. Second, improve the high-rate performance. Third, ensure the safety 
and reliability.  
 
1.2 Components of the Lithium-Ion Battery 
The lithium-ion battery is mainly composed of four parts:20,22 a positive electrode 
(cathode) that acts as a lithium source, a negative electrode (anode) that works as a 
lithium sink, a lithium-ion containing electrolyte, and a separator membrane. The 
schematic of an intercalation electrode-based rechargeable lithium-ion battery is shown in 
Figure 1.1.20 
LiCoO2 is commercially mature as a cathode material. Other materials, such as 
LiFePO4, LiMnO2, LiNixMnyCo1-x-yO2, are also developed and applied.23 They have their 
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intrinsic strengths and weaknesses concerning energy density, power, safety, cycle life, 
and cost.  
Due to the advantages of low cost, high abundance, and excellent kinetics,24 carbon-
based materials (typically graphite) are widely used for anodes. However, the carbon-
based materials have the drawbacks that hinder them for large-scale applications. 
Continuous effort should be made in order to develop more reliable anode materials. 
A separator membrane is used to mechanically avoid the short circuit of the anode 
and the cathode while permitting the transport of free ions and electrons.22 In today’s 
separator market, the most commonly used materials are polyolefine (PO) membranes.22 
A lithium-ion containing electrolyte enables lithium-ions transport between the 
cathode and the anode. In general, the electrolyte contains the lithium salts, solvents, and 
specialized additives.23 
 
 
 
 
Figure 1.1.20 Schematic of an intercalation electrode-based rechargeable lithium-ion 
battery. 
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1.3 Working Principle of the Lithium-Ion Battery 
The reaction of the lithium-ion battery can be expressed as follows: 
 
LiM௫O௬ 	+	Li௡ܰ௠ ⇌ Liଵା௡M௫O௬ + ܰ௠                                      (1) 
LiM௫O௬ + nLiା + neି ⇌ 	Liଵା௡M௫O௬                                         (2) 
Li௡ܰ௠ ⇌ 	nLiା + neି + ܰ௠                                                         (3) 
 
Reaction one represents the reaction happening in the whole battery, while reaction 
two and three represent the reactions taking place in the positive electrode and the 
negative electrode, respectively. During the charge process, the lithium-ions are extracted 
from the positive electrode and intercalated into the negative electrode, gradually making 
the positive electrode lithium-ion deficient. As for the discharge process, the lithium-ions 
are extracted from the negative electrode and intercalated into the positive electrode.20 
 
1.4 Key Attributes of the Lithium-Ion Battery 
The main attributes of the lithium-ion battery are related to energy density, power 
density, cycle life, safety, and cost.12,13 The following sections list the key attributes of 
the lithium-ion battery. 
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1.4.1 Specific Charge and Charge Density 
The specific charge (in Ah/kg) and the charge density (in Ah/L) represent the 
number of available charge carriers per mass and volume unit of material.27 In the 
terminology of battery, the capacity is the amount of electric charge that can deliver at a 
rated voltage. Thus, sometimes the term “specific capacity” is also used. 
 
1.4.2 Theoretical Capacity 
The capacity of a cell is expressed as the total quantity of electricity involved in the 
electrochemical reaction and is defined in terms of coulombs or ampere-hours. The 
theoretical capacity of a battery system, based only on the active materials participating 
in the electrochemical reaction, is calculated from the equivalent weight of the systems.28 
 
1.4.3 Specific Energy and Energy Density 
In order to evaluate the energy content of battery, two terms are introduced:27 the 
specific energy (Wh/kg) and the energy density (Wh/L). The specific energy represents 
the electric energy that a battery stores per unit mass. The energy density is the amount of 
energy stored in a material per unit volume. In order to get high energy content, the 
electrode materials should achieve two fundamental requirements. One is the high 
specific charge and charge density. The other is the large standard redox potential 
difference between two electrodes. 
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1.4.4 Specific Power and Power Density 
The rate capacity is expressed as the specific power (W/kg) and the power density 
(W/L).27 In battery science, the specific power refers to the electric power that a material 
can provide per unit mass. The power density expresses the electric power that a battery 
can provide per unit volume. 
 
1.4.5 Cycle Life 
The cycle life is the number of complete charge/discharge cycles that a battery is 
able to support before its capacity falls under 80% of its original capacity. 
 
1.4.6 Cycling Efficiency 
 The cycling efficiency represents the percentage of charge that can be recovered in 
a charge/discharge cycle. Assume the cycling efficiency is 99% for each charge/discharge 
cycle, after 500 cycles, only 1% specific capacity remains. Thus, a good cycling 
efficiency indicates a good rechargeability and a long cycle life of a battery.  
 
1.4.7 Safety 
Because of the organic solvents (they are usually highly toxic and flammable) used 
in the battery systems, safety hazards, such as overcharging or short circuits, will be 
caused when they are used improperly.29 Recently, numerous lithium-ion battery 
accidents causing fires and explosions have been reported.29,30 
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Safety concerns the thermal stability of two electrodes and the possibility of short 
circuits. In order to improve the operation safety of the lithium-ion battery, researchers 
have put efforts in the fields of the electrode materials,31,32 electrolyte,29 separator,33 and 
manufacturing methods.34 
 
1.5 Current Research Status and Future Improvements of the Lithium-Ion Battery 
As discussed before, the lithium-ion battery can be widely used in both daily life and 
industry. The performances of the lithium-ion battery largely depend on the materials. 
Currently, scientists are still looking for the breakthrough in the material field to solve the 
problems of energy, power, safety, and cost to meet higher requirements. The trend 
includes but is not limited to the following directions.35 First, find out new lithium-source 
cathode materials to solve the cost and the environmental issue. Second, develop new 
lithium-accepting anode materials to improve the safety. Third, replace the current 
electrolyte with more reliable ones. 
 
1.5.1 Cathode Materials 
1.5.1.1 Early Development 
The earliest rechargeable lithium batteries used metallic lithium or Li-Al alloys as 
the anode materials. The layered dichalcogenieds,17 such as titanium disulfide (TiS2),16,36 
vanadium diselenide (VSe2),37 and molybdenum disulfide (MoS2)38, as well as 
trichalcogenides and the related materials, such as the triselenide of niobium (NbSe3),39 
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and the oxides such as vandadium pentoxide (V2O5)40 and molybdenum trioxide 
(MoO3),41 were studied as the cathode materials. However, the lithium metal that acted as 
an anode material in rechargeable batteries turned out to be unsuccessful due to safety 
issues within current techniques. 
 
1.5.1.2 Lithium Transition Metal Oxides 
The lithium transition metal oxides can undergo oxidation to higher valences when 
the lithium-ions are removed.17 Although transition metal oxides can maintain charge 
neutrality in the compound, large compositional changes often cause phase changes, so in 
order to utilize it in the rechargeable battery, materials must be stable over the wide 
ranges of the lithium-ion compositions.42 
1n 1979, Goodenough and co-workers43 first reported LiCoO2 as a new cathode 
material. SONY first used it in the commercial lithium-ion battery in 1991. From then on, 
the layer-structured LiCoO2, which has a theoretical capacity of 273 mAh/g,44 has 
dominated the commercial lithium-ion battery market. LiCoO2 has the α-NaFeO2 
structure with the oxygen in a cubic close-packed arrangement. It has many advantages, 
such as easy synthesis, high working potential, and excellent cycle ability. However, it 
has several limitations. Due to the safety reasons (cut-off voltage is around 4.2 V), the 
delithiation of LiCoO2 is limited to 0.5 lithium. That means, only half of the theoretical 
capacity could be obtained.45 In other words, when Li/LiCO2 is cycled within the 
composition range of 0 < x < 0.5, it has excellent cycling performance. However, if x > 
0.5, its capacity fades rapidly.46 
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There are several reasons to explain this phenomenon. First, the dissolvability of 
cobalt in the electrolyte during the charge process will hinder the intercalation of lithium 
during the discharge process.47 In addition, it suffers unstable structure when the lithium 
composition changes.48 The surface coating with inert oxides, such as SnO2,49 Al2O3,50 
and MgO,51 could be one strategy to improve the structure stability.  
Another limitation is related to the diffusion coefficient of lithium-ions in LiCoO2, 
which is between 10-12 cm2/s and 10-9 cm2/s.52,53 It is problematic for high power 
batteries. Furthermore, cobalt is a limited resource and it has a high price, which 
increases the overall cost of the lithium-ion battery. Finally, it is highly toxic.  
Due to its favorable specific capacity compared to LiCoO2 and the natural 
abundance, LiNiO2 is also considered to be a cathode material. Although LiNiO2 is 
isostructural to LiCoO2, it is difficult to synthesize stoichiometric LiNiO2.54 As additional 
nickel-ions are always found in the lithium layer and reversely in the crystal structure of 
LiNiO2, the Li-Ni-O system is represented by Li1-yNi1+yO2.54 It suffers a poor thermal 
stability at its high oxidation state. The addition of cobalt to LiNiO2 can suppress the 
migration of nickel to the lithium sites.17 This safety problem could also be overcome by 
partial substitution of other metals, such as Mg, Mn, and Al.55 Blended cathode materials 
will also be discussed. 
The layered LiMnO2 is also an attractive cathode candidate from an economical and 
environmental point of view. However, manganese does not form a stable LiMnO2.17 
LiMn2O4 can form a stable spinel phase. 
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LiMn2O4 has spinel structure, in which manganese takes places in the octahedral 
sites while the lithium-ions mainly take place in the tetrahedral sites.56 It is the third most 
popular cathode material after LiCoO2 and LiNiO2. Same as LiMnO2, it is cost-saving 
and relatively safe. Similar to other cathode materials, it also has drawbacks, such as low 
specific capacity (~ 120 mAh/g), limited cycling (due to irreversible structure 
modifications), and storage losses at elevated temperatures (due to Mn2+ dissolution into 
the electrolyte).35 These limitations could be improved by substitution and surface 
modification. 
 
1.5.1.3 Lithium Iron Phosphate 
The ion-based compounds containing polyanions form (XO4)n- (X = S, P, As, Mo, 
W) have been studied. Padhi and co-workers57 first introduced the lithium iron phosphate 
(LiFePO4) as a cathode material in 1997. Iron is not expensive and environmentally 
friendly compared to cobalt, nickel and vanadium. In addition, lithium-ions can be 
reversibly intercalated into LiFePO4 at a high voltage (3.5 V)58 and 90% of theoretical 
capacity (165 mAh/g) could be used. Furthermore, it is more thermally stable in the 
electrolyte than lithium transition metal oxides.59 However, it suffers poor electronic and 
ionic conductivity that restrict its application in high power batteries.46 In order to solve 
this problem, doping, coating technology, and nanotechnology have been applied to 
LiFePO4 to improve the performances.58,60 
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1.5.1.4 Partial Substitution Compounds 
When one cathode material cannot realize excellence in every aspect, partial 
substitution could be one way to improve the performances. For example, LiNi1-xCoxO2 
(x ≈ 0.8) has been used to take advantage of the low cost and high capacity of nickel.61,62 
Small amount of cobalt (up to 0.20-0.25) has shown the ability to improve the capacity.42 
The partial substitution of manganese-ion by cobalt, iron, or nickel can improve the 
electronic conductivity of manganese oxide and lead to the formation of α-NaFeO2 
structure.17,63,64 Li(Ni, Mn, Co)O2 composition with equal amount of the three transition 
metals exhibited excellent discharge capacity and rate capacity.42 Moreover, it can be 
operated at high voltages.42  
 
1.5.1.5 Blended Cathode Materials 
Besides the above materials, blended composites have been studied as cathode 
materials. Blended cathode materials contain a physical mixture of two or more distinct 
lithium intercalation compounds.65 The purpose of blending is to take the advantages of 
each single material to obtain an overall performances, including reduced capacity loss, 
longer cycle life, cost saving, and improved thermal stability.66 For example, LiMn2O4 
spinel can be blended with LiNixCo1-x-yAlyO2 to overcome the shortcomings of the two 
materials.65 
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1.5.2 Anode Materials 
1.5.2.1 Carbon-Based Materials 
The carbon-based materials have received widespread applications as anode 
materials. They have excellent cycling ability and long cycle life.67 The first report68 
regarding the electrochemical intercalation and extraction of lithium-ions in graphite was 
published by Yazami and Touzain. Yoshino69 invented the lithium-ion battery using 
carbonaceous material with a certain crystalline structure VGCF (vapor-phase-grown 
carbon fiber) as an anode material in 1985. After further development, the lithium-ion 
battery was commercialized by SONY using LiCoO2 as a cathode material and 
carbonaceous material as an anode material. Graphite was not used because at that time 
propylene carbonate that was used as an electrolyte would decompose when graphite was 
used.11 It has been used properly as an anode material since ethylene carbonate was 
introduced as an electrolyte material.70 After that, the graphitized mesophase microbeads 
(MCMB) were developed.71,72 In today’s market, carbon-based materials used for 
commercial lithium-ion secondary batteries include graphite, soft carbon, and hard 
carbon. The decomposing precursor determines the carbon types.73,74 If the precursor can 
form a semifluid state, such as petroleum pitch and coal tar pitch, the planar sheets 
formed in the early stage of pyrolysis can align in parallel to form graphitized structure at 
a very high temperature. The products could be “soft” or graphitizing carbons.73,74 
However, if the precursor cannot form a semifluid state, such as phenolic resin and 
vegetable fibers, the planar aromatic structures cannot align. This kind of product rarely 
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forms a graphitized structure even at a very high temperature with an ambient pressure. It 
is so called hard carbon.73,74 
Graphite has a three-dimensional layered structure, which can be characterized as 
stacks of hexagonally bonded sheets of carbon held by van der Waals forces.75 Lithium-
ions can be intercalated into every 2nd hexagonal planes in the graphite sheets.75 That 
means, every six carbon atoms can hold one lithium atom. It has a theoretical capacity of 
372 mAh/g when reaches the formation of LiC6:76 
 
Liା + 6C + eି ⇌ 	LiC଺ 
 
Graphite plays an important role in carbon-based materials used for the commercial 
lithium-ion batteries in the market because of its high cycling efficiency during the 
intercalation and the extraction of lithium-ions.75 It offers a flat and low voltage range 
and an affordable price.77 However, there is still the room for improvement. First, 
although the expansion is relatively low, it is not negligible. The volume expansion and 
shrinkage during the intercalation and the extraction of lithium-ions will cause capacity 
loss and unsafe situations.25 Furthermore, the low lithium-ion intercalation potential 
(approaching 0 V vs. Li/Li+) will result in the formation of the lithium dendrites during 
overcharge process.25 Researchers are seeking the alternative materials that can offer not 
only higher reversible capacity, but also safe operation. 
Different from graphite, soft carbon and hard carbon have two-dimensional 
“turbostratic” structures where ordered graphene sheets are randomly stacked.74 A 
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report78 showed that the capacity of soft carbons could reach as high as 700 mAh/g but it 
underwent voltage hysteresis. But some researchers79 also said that due to disordered 
graphene sheets, the lithium-ions had difficulty intercalating into the interlayer space thus 
resulted in a low capacity. Hard carbons, although it cannot be graphitized, appear to 
display much high capacity from 200 to 600 mAh/g over a voltage range of 1.5-0 V vs. 
Li/Li+.46 They also have the implementation difficulties, such as low initial Coulombic 
efficiency and low tap density. Although the spherical hard carbon materials are 
desirable, the synthesis methods are difficult. Numerous experiments have been 
performed and studied.46 
Besides the three types of carbon, the nanostructured carbon materials have been 
extensively investigated in order to obtain higher capacity for the lithium-ion battery. 
Two mechanisms can explain the excess storage of lithium-ions during intercalation.80 
One is to use microcavities or nanopores to store lithium-ions. The other is to utilize the 
surfaces and interfaces of microcrystalline or nanocrystalline graphite or stacked 
graphene sheets to get high capacity.80 The carbon nanotubes can be considered to be 
potential anode nanomaterials.75,80 Although they have many advantages, such as high 
conductivity, high tensile strength, and relative inertness, they also have obvious 
drawbacks, such as irreversible lithium-ion capacity and lack of voltage plateau while 
battery is discharged.75 A lot of research work is waiting to be put on these materials to 
overcome the difficulties. 
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1.5.2.2 Spinel Lithium Titanate Oxide 
The spinel lithium titanate oxide (Li4Ti5O12) is another promising anode material. It 
is called the “zero strain” material for the lithium-ion battery, as it does not undergo 
obvious particle expansion or shrinkage when lithium-ions are intercalated or 
extracted.81,82 That is mainly because lithium-ions have the same size as the sites in the 
crystal structure where it stores.81 One mole of Li4Ti5O12 can accommodate three moles 
of lithium-ions with the following electrochemical reaction:81 
 
Li଻TiହOଵଶ ⇌ LiସTiହOଵଶ + 3Liା + 3eି 
 
According to the equation, the theoretical capacity is 175 mAh/g. Although it is not 
high compared to graphite, it can offer reversible capacity around 150-160 mAh/g at 1.5 
V vs. Li/Li+ actually.82 Also, it exhibits a flat operation potential plateau. In addition, the 
undesirable solid electrolyte interphase (SEI) will not form (It occurs at reductive 
potentials below 1 V vs. Li/Li+).83 These advantages can ensure safety and long lifetime 
for the lithium-ion battery. However, its electronic structure characterized by empty Ti 
3d-states with a band gap energy 2-3 eV makes it an insulating material.84 The electronic 
conductivity is below 10-13 S/cm.83 That characteristic inhibits its sufficient applications. 
In order to solve this problem, researchers have tried different modification methods, 
including reducing particle size, adding conductive materials, and making mesoporous 
structures.83 Further improvements are still needed. 
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1.5.2.3 Lithium Metal Alloys 
The lithium metal was first investigated as an anode material for the primary lithium 
batteries. But for the lithium-ion rechargeable battery, it suffers dendrites problem and 
other safety concerns.11 Much effort has been put into the field of lithium metal alloys 
(LiyM, e.g. M = Sn, Pb, Si, In) because they possess higher theoretical capacity than the 
carbon-based materials. For example, the theoretical capacity for LiSn and LiSi is 990 
mAh/g and 4000 mAh/g, respectively. However, the difficulties are also obvious. The 
volumes expand and contract dramatically when lithium-ions are intercalated or 
extracted. This will cause pulverization of the host material and cycling issues.46 In other 
words, when cycling number increases, the volume changes will cause disintegration of 
the electrode and battery failure. Altering alloy particle size to nanometer scale could be 
one effective way to improve the cracking problem.85 Although nanostructured alloys 
cannot reduce the volume expansion, they can reduce the cracking of the electrode by 
altering particle deformation.7 Besides, using intermetallic phase instead of a single metal 
alloy could be another effective way to get good cycling results.86 For example, 
intermetallic Ni3Sn4 deposited on the surface of the copper nanorods could be used to 
achieve high-rate capability and excellent capacity.87  
 
1.5.2.4 Oxides 
Oxides have attracted researchers’ eyes as possible anode materials. For example, 
SnO2 has a high theoretical capacity (790 mAh/g) and it can be applied in conjunction 
with other cathode materials (e.g. LiCoO2 and LiFePO4) to have a high overall cell 
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potential of more than 3 V.88 Nevertheless, its initial capacity loss and severe capacity 
fading upon extended cycling hinder its further applications.88 The effort has been made 
towards the higher-order nanostructured materials through template-assistant methods.3 
Also, the concept of composite could be used. Both the carbon loaded SnO2 composites89 
and the carbon nanotube-encapsulated SnO290 have been reported. 
Transition-metal oxides, such as CoO, CuO, NiO, and FeO, do not alloy with 
lithium, but they can react reversibly with lithium-ions, exhibiting high capacity and 
cycling number. The open structures of the transition-metal oxides can provide space for 
the intercalation of lithium-ions.91 The major drawbacks are their poor diffusion rate of 
lithium-ions and electrons, which could be enhanced by reducing the particle size and 
other modification methods.86 
In this dissertation, titanium dioxide (TiO2) is the target material, which shows an 
electrochemical activity and has been studied as an anode material. Further discussion 
will be presented later. 
 
1.5.3 Separator 
The separator used in the lithium-ion battery is a porous film that is placed between 
the cathode and the anode to prevent short circuits of the electrodes while enabling the 
transport of free ions and electrons.22 There are mainly three types of separators 
according to structure and composition: microporous polymer membranes, non-woven 
fabric mats, and inorganic composite membranes. Among them, the most commonly used 
type is the microporous polyolefine (PO) membrane.22 It can be made of polypropylene 
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(PP) and polyethylene (PE) by different manufacturing techniques.22 In general, the 
following properties: chemical stability, thickness, porosity, pore size, permeability, 
mechanical strength, shutdown, and cost should be considered before battery application. 
 
1.5.4 Electrolyte 
Electrolyte is typically a nonaqueous solution with lithium salts that can transfer 
between the cathode and the anode. Researchers found that the alkyl carbonates could be 
served as the best solvents for the lithium-ion battery.92 The search for a binary solvent 
mixture is important for the performances of the lithium-ion battery. Lithium 
hexafluorophosphate (LiPF6) works as the basic standard lithium salt.82 Most commonly, 
solution of LiPF6 in ethylene carbonate (EC)-dimethylcarbonate (DMC) serves as an 
electrolyte for the commercial lithium-ion batteries.82 Additives are also needed 
considering battery performances and safety issues.93 They can improve the formation of 
the SEI between the electrode and the solution.93 The SEI is formed by electrolyte 
reduction at the negatively polarized graphite surface during the initial intercalation at 
about 0.8 V.94,95 An ideal passive layer is supposed to prevent further electrolyte 
decomposition.94 When the battery operation temperature is above the critical 
temperature, the SEI layer decomposes, following by continuous reactions between the 
electrolyte and the electrodes. It will generate safety problems.95 Thus, the SEI has to be 
thermally stable. Besides, effective additives can help protect electrodes, stabilize LiPF6, 
and ensure safety operation.93 Polymer membrane that can act as both separator and 
electrolyte is a new direction. A good example is to use polyethylene oxide to host a 
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lithium salt (e.g. lithium trifluoromethanesulfonate (LiCF3SO3)).96 In addition, by using 
this polymer membrane, it is possible to use lithium metal as a rechargeable anode 
material.96 The amorphous and crystalline polymer electrolytes have also been 
developed.35,86 These kinds of solvent free systems can improve battery reliability. 
 
1.6 TiO2 Nanocrystals 
1.6.1 General Introduction of TiO2 
TiO2 is a famous material. Nowadays, the major consumption for TiO2 is pigment. It 
is also used in sunscreens,97 ointments, and toothpastes.98 Since 1972, Fujishima and 
Honda99 first reported the phenomenon of photocatalytic splitting of water on a TiO2 
electrode under ultraviolet (UV) light, it has been studied as a photovoltaic and 
photocatalytic material.100-102 
There are two major crystalline phases of TiO2: anatase and rutile. Anatase is 
kinetically stable in nanocrystalline while rutile is thermodynamically stable.103,104 At a 
high temperature, metastable phase anatase will thermodynamically convert to rutile. The 
accepted band gap of TiO2 is 3.0 eV for rutile and 3.2 eV for anatase, but optical 
absorption only becomes appreciable near ca. 3.5 eV and approaches a maximum above 
4.0 eV.105,106 Both rutile and anatase have chains of TiO6 octahedra, where each Ti4+ ion 
is surrounded by an octahedron of six O2- ions. Anatase is well used for catalysts.107 
Because of high refractive index, rutile is well-known for its optical purpose.108 In 
addition to the two naturally occurred polymorphs, brookite also occurs naturally. 
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properties will go up rapidly as the material size decreases.109,110 Thus, when the 
nanotechnology plays a role on TiO2, surprising results may occur. TiO2 nanocrystals 
show great potential in many fields, such as photocatalysis111 and TiO2-based devices111. 
 
1.6.3 TiO2 Nanomaterials Used in the Lithium-Ion Battery 
In order to broaden the applications of TiO2 nanomaterials, new approach appeared 
in the field of the lithium-ion battery. Benefited from the nanostructure and special 
characteristics, TiO2 nanocrystals are considered to be an alternative anode material for 
the lithium-ion battery compared to the traditional graphite, possessing great significance 
in developing new types of the lithium-ion batteries.  
TiO2 nanocrystals have the following key advantages as an anode material.91 First, it 
is not a heavy material. The density for rutile is 4.23 g/cm³, and for anatase it is 3.78 
g/cm³. Thus, volumetrically and gravimetrically it can have good theoretical capacity. 
Moreover, it is an environmentally friendly material with relatively low cost. It also has 
the superiority over graphite. The relatively high potential vs. lithium (relative potential 
1.5-1.8 V vs. Li/Li+) can effectively prevent the lithium deposition and the formation of 
the SEI layer, which means it is safer than graphite whose operating voltage is close to 
the intercalation potential of lithium-ions (approaching 0 V vs. Li/Li+).25 
The charge/discharge processes of the lithium-ion battery involve the redox 
electrochemical reactions, which come up with both charge transfer and diffusivity of 
lithium-ions between the cathode and the anode.27 The reaction between lithium and TiO2 
can be expressed as follows with a complete Ti4+ to Ti3+ reduction: 
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Li௫TiOଶ ⇌ ݔLiା 	+ TiOଶ + 	ݔeି 
 
where x is the molar fraction of lithium in the TiO2. Theoretically, TiO2 can provide a 
capacity up to 335 mAh/g, which corresponds to 1.0 lithium per TiO2. In actual situation, 
x is varied with different polymorphs, morphologies, crystal forms, and particle size of 
TiO2. There are two mechanisms to explain the storage of lithium-ions in the host 
materials.3 The lithium-ions store through intercalation could be one explanation. They 
can also be stored through electric double layer and surface redox processes. Thus, the 
intercalation of lithium-ions with the host materials primarily depends on two major 
transport properties: the electronic conductivity and the diffusivity of lithium-ions.91 
However, the low electronic conductivity (10-4 S/cm)21 in the solid phase and the low 
diffusion coefficient of lithium-ions (10-11 to 10-13 cm2/s)112 are the two major difficulties 
that cause only a thin surface layer of the TiO2 particle could be effective for charge and 
discharge at high rates of the lithium-ion battery. Two obvious problems will occur in 
this situation. First, full intercalation of lithium-ions into the whole particle is not 
possible because the center of the TiO2 particle cannot be utilized. For bulk anatase TiO2, 
x = 0.5 was reported to be the maximum value for the electrochemical intercalation of 
lithium-ions.113,114 Second, this will also cause a poor-rate capacity. In addition to the two 
problems caused by the low electronic conductivity and the low diffusion coefficient of 
lithium-ions, current TiO2 anode materials always suffer the problem of an initially 
irreversible capacity loss. It is believed that the irreversible capacity loss is related to the 
formation of the SEI.115 However, since the SEI is not formed in the TiO2 battery system, 
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how can the capacity loss come from? Although it is not clearly understood, there are 
several possible hypotheses.116 The intercalation of lithium-ions into the irreversible sites 
could be considered to be one reason.117 Besides, the capacity loss may come from the 
side reactions caused by the water absorbed on TiO2 electrode.118 The poor electronic 
conductivity could be the third reason.119 Thus, the current battery performances of the 
TiO2 electrode turn out to be far from satisfactory. They need to be improved 
imperatively to meet the application requirements. 
Both anatase120 and rutile121 have been studied as the anode materials. Besides, 
TiO2(B) 122 and brookite123 are also investigated. Meanwhile, different modification 
methods have also been studied. Researchers have put lots of energy to improve the 
battery performances of TiO2 nanocrystals electrode. They are discussed as follows. 
 
1.7 Strategies for TiO2 Nanocrystals Used for the Lithium-Ion Battery 
As mentioned before, although TiO2 nanocrystals are safer anode materials than 
graphite, the battery performances, especially the rate performance is still unsatisfactory. 
The low electronic conductivity in the solid phase and the low diffusion coefficient of 
lithium-ions hinder the practical applications. The intercalation and extraction of lithium-
ions can only happen in a thin layer of the particle. The bulk TiO2 cannot be used 
sufficiently.  
Tremendous work has been put to overcome the two drawbacks. There are two 
general ways to improve the conductivity.116 One is to add secondary conductive phases 
to TiO2. The other is to use one-dimensional (1D) TiO2 structures, such as nanowires and 
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nanotubes, because the electrons can efficiently transfer along its 1D geometry.116 As for 
the improvement of the kinetics associated with the diffusion lithium-ions, approaches 
could be focused on controlling of the particle size, using different TiO2 polymorphs, and 
modification of the surface of the particle. 
 
1.7.1 Addition of Conductive Secondary Phase 
Addition of secondary conductive phases could be one effective approach to 
improve the poor electronic conductivity of TiO2. Metal oxides like RuO2,120 metallic 
nanoparticles such as Au,124 Ag,124,125 have been reported to synthesize the 
nanocomposites to help improve the electronic conductivity. Conductive carbon-based 
materials like graphene sheet have also been reported.126-128 
 
1.7.1.1 Metal Oxides 
Guo et al.120 reported a hierarchically nanostructured electrode with highly efficient 
mixed conducting 3D networks made of mesoporous TiO2:RuO2 nanocomposites. RuO2 
enables favorable surface-surface interactions.  
 
1.7.1.2 Metallic Nanoparticles 
Researches showed that the incorporation of metal nanoparticles could improve the 
electronic conductivity through the formation of a conductive percolation network. 
Metal-embedded electrodes usually increase the specific capacity by around 10-30%.124 
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He et al.125 reported a Ag-modified TiO2 nanotube material by the traditional silver 
mirror reaction to improve the electronic conductivity, high-rate discharge capacity, 
cycling stability, as well as decrease the cell polarization significantly. Nam et al.124 used 
a one-step electrospinning method to embed Ag and Au metal nanoparticles into the 
anatase TiO2 nanofibers to achieve better electronic conductivity for the lithium-ion 
battery (capacity improved 20% or more).  
 
1.7.1.3 Graphene Sheets 
Graphene can be served as a composite material for the lithium-ion battery as it has 
the excellent conductivity, large surface area, good flexibility, chemical stability, and 
tunable surface functional groups.126,129 Its tunable surface functional groups can act as 
the active nucleation sites for guest materials.126 Besides, it may tune the size and the 
structure of the guest particles.126 It can help increase the conductivity ability and keep 
the volume variation within small fraction.128 Li et al.126 reported a simple template-free 
self-assembly method to synthesize the uniform mesoporous anatase TiO2 nanospheres 
on the graphene sheets and they showed a superior high-rate performance for the lithium-
ion battery. Xin et al.128 synthesized a TiO2/grapheme composite that had an excellent 
rate performance using hydroxyl titanium oxalate as the precursor. Hou et al.127 
discovered a composite of graphene-TiO2(B) nanowires with an excellent storage 
performance of lithium-ions. They indicated that the usage of the graphene sheets can 
facilitate the nanotube-nanowire transformation and improve the thermal stability of 
TiO2(B).127 
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1.7.2 Control of Particle Size 
Currently, the commercial batteries are most made by the micrometer-sized 
electrode materials that have a low surface area (< 10 m2/g). These micrometer-sized 
electrode materials are not helpful to the high-rate charge/discharge processes because of 
the long diffusion length for lithium-ions and low contact area between the electrodes and 
electrolyte.20 The diffusion of lithium-ions is very complex as the nature of electrolyte 
phase, solid-liquid interface, tortuosity, and particle size have to be considered.130 The 
process can be simplified and only the overall process is considered. The diffusion length 
L of the lithium-ions can be estimated with the formula: 
 
ܮ = √ܦ߬ 
 
where D is the diffusion coefficient and τ is the mean diffusion (or storage) time. The 
specific capacity Q of the battery can be obtained by ݅ × ߬ , where i is the specific 
charge/discharge current density in A/kg or mA/g. The value of τ will decrease as the 
increase of i at a certain specific capacity. The effective specific capacity depends on the 
volume ratio: 
 
[ݎଷ − (ݎ − ܮ)ଷ]/ݎଷ 
 
where r is the radius of the active particle.131 The schematic diagram of the intercalation 
of lithium-ions into a particle is shown in Figure 1.3. Within a certain period of time, in 
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electrodes.133 Second, the nanostructured materials with a high surface area have a high 
possibility to have side reactions with the electrolyte.133 Furthermore, using 
nanostructured materials may decrease the energy density, as more other components 
(e.g. binder and additives) need to be added.133 In addition, the high surface area makes 
the tap density lower than that of the bulk materials. This will make an even lower 
volumetric energy density.7 Hence, other strategies including the change of space 
structures, and surface coating are also needed. 
 
1.7.3 Use of Different TiO2 Space Structures 
Different TiO2 space structures possess different electrochemical reactivities. One-
dimensional (1D) structure provides a direct conductive path,116 which can increase the 
conductivity of the material. Two-dimensional (2D) structure possesses a large surface 
area that ensures the large contact area between the electrode and the electrolyte.134 
Today, even hierarchical three-dimensional (3D) structures have been studied for the 
lithium-ion battery.91,120 Besides, the porous structures with special high surface area 
have also been discovered to increase the battery performances.135-137 
 
1.7.3.1 Nanorods, Nanowire and Nanotubes (1D) 
TiO2 with 1D structure has the advantages used as an anode material for the lithium-
ion battery. It possesses the large surface area and pore volume.138 Besides, it has the 
ability of the efficient electron transport along its 1D geometry.116 Different synthesis 
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methods can generate different structures, like nanorods,138 nanowire,119,139 and 
nanotubes.140,141 
Gao et al.138 reported nanorods with 3-5 nm in diameter and 40-50 nm in length 
exhibited high capacity (192 mAh/g, x = 0.6), which was larger than the capacity of 
ordinary anatase. 
Armstrong et al.139 synthesized TiO2(B) nanowires to achieve high intercalation 
capacity of lithium-ions (formation of Li0.91TiO2(B), corresponding to a specific capacity 
of 305 mAh/g). Compared to the bulk TiO2(B), the TiO2(B) nanowires showed better 
specific capacity and rate performance, demonstrating the advantage of the nanowire 
technology.139 
Highly ordered TiO2 nanotubes (TNTs) can provide the high surface and high 
conductivity. However, because TNT arrays are synthesized on Ti foil by the traditional 
synthesis method, the application for the lithium-ion battery is limited.140 Park et al.141 
synthesized the carbon-coated TNTs by hydrothermal reaction of TiO2 (anatase) powders 
with a NaOH aqueous solution to get high-rate capacity. 
 
1.7.3.2 Nanosheets (2D) 
The recent142 research revealed that the anatase TiO2 nanosheets with exposed (001) 
facets had could facilitate electronic conductivity. It was reported88 that the diffusion of 
lithium-ions in anatase was along the c-axis. Both the experiments and the theoretical 
calculation confirmed that the exposed (001) facets had a lower energy barrier for the 
intercalation of lithium-ions than that of the (101) surfaces.88 Thus, by using this 
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advantage, the TiO2 hierarchical spheres assembled from nanosheets possessed excellent 
rate performance.143 The rutile nanosheets88 were studied as well as the anatase 
nanosheets.  
 
1.7.3.3 Hierarchical 3D Structures 
As mentioned before, Guo et al.120 reported a hierarchically nanostructured electrode 
with highly efficient mixed conducting 3D networks made of mesoporous TiO2:RuO2 
nanocomposites. The mesoporous 3D structure together with conductive RuO2 helped 
increase the battery performances.120 Shin et al.91 discovered a 3D, interconnected, 
hierarchical nanoporous anatase that had a special high surface area to facilitate the 
surface storage of lithium-ions. 
 
1.7.3.4 Porous Structures 
As porous structures can provide an active large surface area and internal surface 
area that can help increase the reaction area and enhance the diffusion kinetics, TiO2 
nanomaterials with highly porous structure have attracted a lot of attention.135-137 Jung et 
al.135 found that the pristine mesoporous anatase TiO2 exhibited higher charge capacity 
(195 mAh/g, x = 0.58) than the ordinary anatase (x = 0.5), which could be attributed to 
the mesoporous structure. Ye et al.136 used an additive-free method to synthesize the 
nanoporous anatase TiO2 mesocrystals that utilized the advantages of highly porous 
mesocrystals. This material possessed better rate capacity than nanocrystals, which might 
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have been benefited from the crystallographically oriented structure with few grain 
boundaries and increased electrode/electrolyte contact area.136 Wang et al.137 synthesized 
the porous TiO2 nanospheres through a simple sol-gel process followed by a low-
temperature hydrothermal treatment. This porous nanospheres had better discharge 
capacity and rate capacity than the dense TiO2 materials, which could be ascribed to the 
increase of surface area caused by porous structure.137 It may also alleviate the volume 
expansion and shrinkage during intercalation and extraction of lithium-ions.137 
 
1.7.4 Study of TiO2 Polymorphs 
Four different polymorphs types of TiO2: rutile, anatase, brookite, and TiO2(B), 
have been reported to have different lithium-ion electrochemical reactivities that also 
vary in different particle sizes and structures. 
 
1.7.4.1 Rutile 
Rutile is the most thermodynamically stable polymorph of TiO2. Bulk rutile can 
only accommodate negligible lithium (< 0.1 per TiO2 unit) at room temperature, although 
it can realize full intercalation at 120 °C.144,145 That means the intercalation of lithium-
ions into rutile is thermodynamically favorable and the low capacity of rutile capacity at 
room temperature is limited by kinetic restrictions. A report3 has shown that the oxygen 
octahedral vacancy is the favorite site for the intercalation of lithium-ions. In order to 
reach this position, the diffusion of lithium-ions in rutile is highly anisotropic. It shows a 
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rapid diffusion along the c-axis channels (~ 10-6 cm2/s) and a slow diffusion in the ab-
plane (~ 10-15 cm2/s).13 Thus, lithium-ions have difficulty reaching thermodynamically 
favorable octahedral sites and keep staying in the c-channels, which means only one 
dimension of structure can be used well.13 Moreover, the intercalation of lithium-ions 
may even been limited as repulsive Li-Li interactions in the c-channel and trapped 
lithium-ions in the ab-plane may block the c-channel.13 However, when the particle size 
is reduced to micrometer or even nanometer scale, this situation can be improved. Hu et 
al.121 synthesized the nanometer-sized rutile TiO2 to obtain up to 0.8 lithium per unit at 
room temperature. This capacity increase was caused by the short diffusion length of the 
nanometer particle, where lithium-ions could reach more octahedral sites in the ab-plane 
within a certain period of time. Besides, they found that lithium-ions preferred the surface 
storage to the bulk intercalation.121 Researchers20 also concluded that as the particle size 
reduced and the specific surface area increased, the main kinetic limitation that was 
associated with mechanical strains could be reduced, thus more lithium-ions could be 
stored. In addition to the size effect, researchers13 found that the mesoporous crystalline 
structure could also to be used to increase the capacity of rutile. 
 
1.7.4.2 Anatase 
Anatase has a tetragonal body-centered space group I41/amd. It is comprised of two 
TiO6 octahedrons sharing two adjacent edges with two other octahedrons so that the 
planar chains are formed.146 Lithium-ions can diffuse along the octahedral interstitial 
sites.147,148 During the process of intercalation, the symmetry of anatase unit cell 
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decreases. When x = 0.5 (Li0.5TiO2), its original I41/amd symmetry transforms into the 
orthorhombic Pmn21 space group due to the loss of symmetry in the y direction.149 The 
unit volume will increase around 4% as the c-axis decreases and the b-axis increases by 
symmetry change, which causes a rapid capacity fade.150 Thus, x = 0.5 is considered to be 
the maximum intercalation value for anatase.113,114 It has also been found151,152 that 
during the intercalation of lithium-ions, anatase will separate into Li0.01TiO2 and Li0.6TiO2 
spontaneously on a scale of several tens of nanometers. There is a flat voltage curve 
indicating a classical bi-phase electrochemical reaction of the intercalation/extraction 
processes lithium-ions. The behavior of the interaction of lithium-ions with nanostructure 
appears to like solid solution. Similar to rutile, reduce the anatase particle size will 
significantly help increase the capacity.153 The size reduction, together with the 
morphologies modification, may increase the capacity of anatase over 0.5 lithium per 
formula.13 
 
1.7.4.3 TiO2(B) 
The lattice structure of TiO2(B) is monoclinic (space group C2/m). It has chains of 
TiO6 octahedra, where each octahedron shares the corners and edges like rutile and 
anatase.154 It has more open structures and a lower density than anatase and rutile.127 
One-dimensional (1D) structure of TiO2(B) has attracted research attention for the 
lithium-ion battery because it can enhance the transfer of electrons along the long 
dimension and the two short dimensions can facilitate the transport of lithium-ions.127 
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The maximum intercalation of lithium-ions in TiO2(B) is about 0.85 per unit, which 
is larger than rutile and anatase.3 The density functional theory (DFT) study98,155 about 
the energy barrier showed that the favored pathway for the facile diffusion of lithium-
ions was along the b-axis channel in the (010) direction and the transport of lithium-ions 
was anisotropic. Different from the solid-solid state diffusion of lithium-ions in anatase, it 
is believed156,157 that the pseudo-capacitive faradic process and the diffusion limited 
solid-state reaction, which are depended on the microstructure of TiO2(B), govern the 
storage kinetics of lithium-ions. Thus, in order to fully utilize this mechanism, focus 
should be put on the morphology and structure of TiO2(B). Moreover, as TiO2(B) is 
thermodynamically metastable, it is not feasible to undergo high-temperature heat 
treatment. From this perspective, the low-temperature surface modification or composite 
preparation may provide suitable ways to improve its performance.25 
 
1.7.4.4 Brookite 
Brookite also has an electrochemical reactivity besides rutile, anatase, and TiO2(B). 
Dambournet et al.158 used a pair distribution function (PDF) to study the intercalation 
ability of lithium-ions for brookite. They found that brookite could hold up to 0.75 
lithium per unit.158 The specific capacity of brookite also varies as the particle size 
changes. 
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1.7.5 Surface Modification 
Changing the particle surface can be another viable way to increase the capacity of 
lithium-ions. The methods include mild oxidation, deposition of metals and metal oxides, 
coating with polymers, and coating with other kinds of carbons.159 However, recent 
research about surface modification of anode is mainly on the carbon-based materials. 
Surface modification on other anode materials is still far from satisfactory. A lot of 
attempts have been put into the field of modification to increase the battery performances 
for TiO2 anode. 
 
1.7.5.1 Coating 
Coating TiO2 nanocrystals with different materials could also be one way to improve 
the low conductivity and the low diffusion rate. Depending on the material, the surface 
coating can promote faster diffusion or transfer. It can also suppress the particle 
clustering and/or limit the excessive particle growth.141 Carbon coating obtained great 
attention because of the simplicity and the low cost. However, the improvement is not 
obvious. Park et al.141 suggested that research focused primarily on an increase of 
electronic conductivity might not be sufficient to make a huge improvement on the 
intercalation performance of lithium-ions, especially at high rates. Instead, carbon coating 
could play a role as a dispersant to prevent agglomerations and enhance electronic 
conductivity.141 Kang et al.160 developed a sol-gel method to synthesize the carbon-coated 
TiO2 nanotubes by using polyvinylpyrrolidone as a carbon source.  
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Besides carbon, other materials, like Sn,161,162 Cu,162 MoOxSy,163 and MoO2,164 were 
also used for coating. Kim et al.161 reported a TiO2/Sn core/shell nanotube for a high-
density storage of lithium-ions.  
 
1.7.5.2 Doping 
Xu et al.117 used a sol-gel method to synthesize the carbon-doped TiO2 nanotubes 
that had better battery performances than the undoped TiO2 nanotubes. They 
demonstrated that the improvement could be ascribed to the suppression of structure 
degradation and the increase of conductivity after doping.117 Jung et al.135 reported a F- 
doped mesoporous anatase TiO2 with superior electrochemical performances compared to 
the pristine TiO2. They found that the uniform doping of F- could increase the 
crystallinity, primary particle size, and pore volume.135 Besides, F- might have protected 
the interface between the anode and liquid electrolyte.135 Different from adding a 
secondary conductive phase, trivalent doping had little influence on the improvement of 
electronic conductivity.165,166 Andriamiadamanana et al.167 synthesized an iron-doped 
anatase used for the lithium-ion battery at room temperature. They hypothesized that the 
fast mobility of lithium-ions in the crystal structure was caused by the point defect 
introduced by the addition of Fe3+ and the formation of oxygen vacancies.167 
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1.7.5.3 Surface Treatment 
Brutti et al.122 demonstrated that the irreversible capacity loss of TiO2(B) nanotubes 
during the first cycle was caused by the reactions between the surface of nanotubes and 
the electrolyte. They discovered a surface treatment method by treating TiO2(B) with 
C2H5OLi to effectively protect the interface.122 
 
1.7.6 Strategies Summary 
Researchers have been developed numerous modification strategies to improve the 
battery performances of TiO2. It is not difficult to find that combine some of these 
strategies together to utilize their advantages is suitable. Indeed, it has already been 
implemented and the results are positive. For example, Liu et al.168 synthesized the 
nanosheet-constructed porous TiO2(B) that combined the advantages of TiO2(B) 
polymorph with porous structure and thin nanosheets. This kind of example is common 
today and can also be found in previous discussions. 
 
1.8 Research Objectives 
1.8.1 Aim 1: Development of New Modification Strategies 
In this dissertation, three different modification methods of TiO2 nanocrystals will 
be presented. They are hydrogenation, vacuum treatment, and carbon coating. 
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1.8.2 Aim 2: Systematic Study of Relationships between Structure and Battery 
Performances 
The structural and electronic properties as well as the battery performances of three 
different TiO2 nanocrystals will be discussed. The relationships between the structure and 
the battery performances can be revealed. This systematical study can provide better 
understanding for future improvement. It can accelerate the speed of making the lithium-
ion battery with high energy, high power, and high storage, providing new approaches to 
develop functional TiO2 nanocrystals. 
 
 43
CHAPTER 2  
EXPERIMENTAL AND ANALYTICAL METHODS 
2.1 Introduction 
Due to the significance of the lithium-ion battery, researchers have put a lot of effort 
into this area. The performances of the lithium-ion battery largely depend on the 
materials of electrodes. In order to develop better anode materials for the lithium-ion 
battery to satisfy different application requirements, TiO2 is considered to be the targeted 
alternative. However, as the current battery performances of TiO2 are not satisfactory, 
modification of TiO2 is necessarily needed. According to above background and 
rationale, anatase TiO2 nanocrystals are used as a starting material. They were rendered 
with special characteristics to improve the battery performances. 
Three different types of TiO2 nanocrystals were designed and synthesized by 
different modification methods. Their structural and electronic properties were studied 
after that. They were used as electrode materials to make coin cell. Their battery 
performances were tested and analyzed. 
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2.2 Synthesis and Modification of TiO2 Nanocrystals 
2.2.1 Synthesis of TiO2 Nanocrystals 
One type of anatase TiO2 nanocrystals was synthesized as a start material. It was 
synthesized from a precursor solution consisting of titanium tetraisopropoxide (TTIP, 
Ti(OCH(CH3)2)4,), ethanol, hydrochloric acid, deionized water, and a polymer template 
(Pluronic F127). The molar ratio of TTIP/ethanol/HCl/H2O/F127 was 1:40:0.5:15:0.005. 
The solution was maintained at 40 °C for 24 hours and then dried at 110 °C. The dried 
powders were calcinated in air at 500 °C for 6 hours to remove the polymer template and 
to enhance the crystallization of TiO2 nanoparticles. The pure TiO2 nanocrystals were 
obtained after that (They were called “the pure TiO2 nanocrystals” in this dissertation). 
They served as the starting material for the three new TiO2 nanocrystals, as well as a 
reference sample to compare the battery performances. 
 
2.2.2 Modification of TiO2 Nanocrystals 
2.2.2.1 The Hydrogenated TiO2 Nanocrystals 
The hydrogenated TiO2 Nanocrystals were obtained through a hydrogenation 
process by placing the pure TiO2 nanocrystals in a sealed sample chamber under a 
vacuum for 1 hour followed by hydrogenation under a 20.0 bar H2 atmosphere at about 
200 °C for 5 days. 
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2.2.2.2 The Vacuum-Treated TiO2 Nanocrystals 
The vacuum-treated TiO2 nanocrystals were obtained from treating the pure TiO2 
nanocrystals in a vacuum chamber at 500 °C for 4 hours. The temperature ramping and 
cooling rates were 10 °C /min. 
 
2.2.2.3 The Carbon-Coated TiO2 Nanocrystals 
The synthesis of the carbon-coated TiO2 nanocrystals was similar to the vacuum-
treated TiO2 nanocrystals. To wrap up, a precursor solution containing titanium 
tetraisopropoxide, ethanol, hydrochloric acid, deionized water, and a polymer template 
(Pluronic F127) was maintained at 40 °C for 24 hours and then dried at 110 °C. The dried 
powders were divided into two parts. One part was calcinated in air at 500 °C for 6 hours 
to remove the polymer template and to enhance the crystallization of TiO2 nanoparticles. 
The other part did not undergo a calcination process. The calcinated samples (the pure 
TiO2 nanocrystals) and uncalcinated samples were put separately into two beakers in the 
same vacuum chamber at 600 °C for 4 hours. The decomposition of the uncalcinated 
TiO2 precursor deposited a thin-layer of amorphous carbon on the surface of the pure 
TiO2 nanocrystals to obtain the carbon-coated TiO2 nanocrystals. 
 
2.3 Characterization of TiO2 Nanocrystals 
The structural and electronic properties of TiO2 nanocrystals were studied with: 
transmission electron microscopy (TEM), x-ray diffraction (XRD) patterns, Raman 
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spectroscopy, Fourier transform infrared spectroscopy (FTIR), thermal gravimetric 
analysis (TGA), 1H magic-angle spinning solid state nuclear magnetic resonance (NMR) 
spectroscopy, electron spin resonance (ESR) spectroscopy, and x-ray photoelectron 
spectroscopy (XPS). 
 
2.3.1 TEM 
TEM is a modern microscope technology to characterize the nanocrystal materials. 
Today’s TEM can not only provide useful information of atomic-resolution lattice, but 
also give chemical information at a spatial resolution of 1 nm or better, allowing direct 
identification of the chemistry of a single nanocrystal.169 
A modern TEM is composed of six parts: an illumination system, a specimen stage, 
an objective lens system, a magnification system, data recording system(s), and a 
chemical analysis system.169 The image formation process can be simplified into a single 
lens microscope as shown in Figure 2.1.169 The electron gun is the key part of the 
illumination system. The electron beams that are emitted by the electron gun hit the 
specimen on the specimen stage. Then, they are diffracted by the lattices of the crystal to 
form the Bragg beams that are propagating along different directions.169 The interaction 
between electrons and specimen will result in changes of phase and amplitude of electron 
wave that provides the information of the specimen.169 
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Figure 2.1.169 Abbe’s theory of image formation in a one-lens transmission electron 
microscope. 
 
 
 
In this dissertation, the hydrogenated TiO2 nanocrystals and the reference pure TiO2 
nanocrystals were characterized by Phillips CM200 TEM (Phillips, Andover, MA). The 
other samples were performed on an FEI Tecnai F20 TEM (FEI, Hillsboro, OR). The 
electron accelerating voltage was at 200 kV. A small amount of sample was first 
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dispersed in water by sonication. One drop of the aqueous suspension was then dropped 
onto a thin holey carbon film. The girds were then transferred to an oven kept at 60 °C 
and dried for overnight before TEM measurement. 
 
2.3.2 XRD Patterns 
XRD provides the information of the atomic and molecular structure of a crystal. 
Different polymorphs of TiO2 nanocrystals have the corresponding spectra. Therefore, it 
can be used to characterize the polymorphs of TiO2 nanocrystals. Constructive 
interference occurs between the scattered x-rays when the path difference (݊ߣ) equals 
2݀ sin ߠ. This relationship is described in Bragg's law as follows: 
 
݊ߣ = 2݀ sin ߠ 
 
where n is an integer, λ is the wavelength of the incident wave (Cu-K, λ = 1.5418 Å), d is 
the spacing between the planes in the atomic lattice, and θ is the angle between the 
incident ray and the scattering planes (Bragg angle).170 The lattice plane spacings and 
lattice parameters of crystals can then be deduced. The schematic of x-ray diffraction by 
a crystal is shown in Figure 2.2: 
 
 
 
 equ
 
 
whe
equ
wav
rad
nar
calc
The crysta
ation: 
re τ is the 
al to the gr
elength, β i
ians, and θ 
rower the p
ulated alon
Figure 2.2. 
lline grain 
mean size o
ain size, K 
s the line br
is the Bra
eak, the la
g different 
The schema
size of the 
߬ =
f the ordere
is the shape
oadening fu
gg angle.170
rger the cr
directions. B
49
tic of x-ray 
 
 
 
nanocrystals
(ܭߣ)/(ߚ co
d (crystallin
 factor with
ll width at h
 From this 
ystalline siz
esides, for
diffraction b
 can be cal
s ߠ) 
e) domains
 a typical v
alf maximu
equation, i
e. The cry
 rutile and 
y a crystal. 
culated usin
, which may
alue of 0.9
m (FWHM)
t is easy to
stalline siz
anatase TiO
g the Scher
 be smaller
, λ is the x-
 peak heigh
 find that 
e then can
2 nanocryst
 
rer 
 or 
ray 
t in 
the 
be 
als, 
 50
they have a tetragonal structure. The lattice plane spacing d between adjacent (hkl) planes 
and the unit cell parameters have the following relationship: 
 
1
݀ଶ =
ℎଶ + ݇ଶ
ܽଶ +
݈ଶ
ܿଶ 
 
where a and c are the unit cell lengths.  
The essential features of an x-ray spectrometer can be simplified in Figure 2.3.171 X-
ray was generated from an evacuated x-ray tube, where electrons bombard a metal 
(typically Cu). The crystal is usually cut or cleaved to make sure the particular set of 
reflecting planes of known spacing is parallel to its surface. Both the crystal and the 
detector can be rotated. In actual use, the incident beam and the crystal intersect at angle 
θ and the detector is put at the corresponding angle 2θ.171 Some spectrometers are 
installed with an incident beam monochromator or other optics to improve the 
functionality.172 
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With the interaction with laser beam (amplitude ܧ଴, frequency ߥ), the polarization of 
the dipoles will be exited in solids:174 
 
ሬܲԦ = ߙധ × ܧ଴ሬሬሬሬԦ cos 2ߨߥ௟௔௦ݐ 
 
where ሬܲԦ is the dipole moment, ߙധ is the polarizability tensor. Using Taylor approximation, 
ߙധ can be individually described as functions of the normal vibration coordinates Q:174 
 
ߙ௜௝ = ߙ௜௝଴ + ቆ
߲ߙ௜௝
߲ܳ ቇொୀொబ
× ܳ	(݅, ݆ = ݔ, ݕ	݋ݎ	ݖ) 
 
Hence, dipole moment can be rewritten as:174 
 
௝ܲ = ෍ߙ௜௝
௝
× ܧ௝
=෍൥ߙ௜௝଴ ܧ଴௝ cos(2ߨߥ௟௔௦ݐ) +
ܧ଴௝ܳ଴
2 ቆ
߲ߙ௜௝
߲ܳ ቇொୀொబ௝
×	 [cos(2ߨ(ߥ௟௔௦ − ߥ௩௜௕)ݐ) + cos(2ߨ(ߥ௟௔௦ + ߥ௩௜௕)ݐ)] + ⋯൩ 
 
From this equation, the light scattering could be predicted: Rayleigh scattering 
(ߥ = ߥ௟௔௦) and Raman scattering (ߥ = ߥ௟௔௦ ± ߥ௩௜௕). Raman scattering can be divided into 
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Stokes Raman scattering (ߥ = ߥ௟௔௦ − ߥ௩௜௕) and anti-Stokes Raman scattering (ߥ = ߥ௟௔௦ +
ߥ௩௜௕). 
For anatase TiO2, there are six Raman active modes with frequencies at 144 cm-1 
(Eg(1), strong intensity), 197 cm-1 (Eg(2), weak intensity), 399 cm-1 (B1g(1), medium 
intensity), 513 cm-1 (A1g, medium intensity), 519 cm-1 (B1g(2d), medium intensity), and 
639 cm-1 (Eg(3), medium intensity).111 Besides, as reported before, the Raman peaks show 
increased broadening and systematic frequency shifts as the particle size decreases.111 In 
addition, for the amorphous phase, there is always a large luminescence background.175 
Furthermore, Raman is sensitive to both the crystalline phase and the amorphous phase, 
while XRD is primarily sensitive to the crystalline phase.176 Thus, in this dissertation, 
Raman could be served as an additional technique to examine the structural changes after 
surface modification. The Raman spectra of the pure TiO2 nanocrystals and the surface-
modified TiO2 nanocrystals were compared. Therefore, the possible structures for the 
modified layers could be deduced. 
In this dissertation, the Raman spectra were collected on an EZRaman-N benchtop 
Raman spectrometer (Enwave Optronics, Inc., Irvine, CA). The Raman spectrometer was 
equipped with a 300 mW diode laser and the excitation wavelength was 785 nm. The 
spectrum range was from 100 cm-1 to 3100 cm-1. The spectrum collection time was 4 
seconds and was averaged over three measurements to improve the signal-to-noise ratio. 
2.3.4 FTIR177 
FTIR is the technique used to obtain the infrared spectrum of the sample. Different 
compounds have different IR spectra. It is a useful tool to identity organic compounds. 
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Although the IR spectrum is characteristic for the entire molecule, certain chemical 
bonding groups could give the same frequency no matter what the rest structure of the 
molecule is. This is the basis for identification of both organic compounds and other 
compounds that contain certain chemical groups. FTIR and Raman are quite similar. But 
different from Raman spectroscopy, (in FTIR) molecules can only absorb the photon 
energy that is equal to energy level differences in the molecule. Hence, the two 
techniques are complementary. 
The schematic FTIR spectrometer is shown in Figure 2.5. Radiation containing all 
IR wavelengths is split into two beams: fixed length beam and variable length beam. A 
sequence of constructive and destructive interferences will be generated and form an 
interferogram when varying the distances between path lengths. Fourier transformation 
then converts this interferogram into FTIR spectrum. 
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reflectance unit. Background was collected before every sample collection and the scan 
number was set to be 64. 
 
2.3.5 TGA179 
TGA is the experimental technique to measure the mass change of the sample during 
heating process. This mass change can be caused by chemical reactions or physical 
changes. It can be used to study the chemical reaction, thermal behavior of reaction, and 
water loss of drugs among others. 
Figure 2.6 shows the principal components and ancillary connections in TGA 
apparatus. By balance mechanism and mass measurement, the accurate mass change of 
the sample can be obtained during the temperature elevation process. 
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2.3.6 1H-NMR Spectroscopy177 
1H-NMR is also called proton magnetic resonance. It is used to measure the 
hydrogen environment of the sample. Due to the nuclear spin of 1H, in an external 
magnetic field, there are two energy levels and a slight excess of proton population in the 
lower energy state in accordance with the Boltzmann distribution as shown in Figure 2.7. 
I is quantum spin number. α, β are the two states. ∆ܧ is given by: 
 
∆ܧ = ൬ℎߛ2ߨ൰ܤ଴ 
 
where ℎ is Planck’s constant, ߛ is the magnetogyric ratio, a fundamental nuclear constant. 
It can be expressed by: 
 
ߛ = 2ߨߤℎܫ  
 
where ߤ is the magnetic moment. 
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surrounding protons. The time constant for perpendicular magnetization to reach 
equilibrium is called the transverse relaxation time constant (T2). It concerns the transfer 
among the precessing protons. In general cases, because T2 is long enough and T1 is 
short enough, the relative number of different kinds of photons can be determined by the 
peak area. 
Because protons in a molecule are shielded by the electron clouds, different photons 
with different chemical environments have different chemical shift positions. In this 
dissertation, 1H-NMR was measured for the pure TiO2 nanocrystals and the hydrogenated 
TiO2 nanocrystals to compare the different chemical environment of hydrogen. The NMR 
experiments were performed on an 8.45T Oxford magnet with a three-channel Tecmag 
Apollo NMR console, using a home-built, doubly tuned, MAS solid-state NMR probe 
with a 3.2 mm stator assembly from Revolution NMR. The magic angle spinning (MAS) 
rate was 12kHz, the proton excitation pulse during the Bloch decay experiment was ~ 50 
kHz, and the spectra were externally referenced to adamantane. Each spectrum was 
acquired with 16 scans and the subtraction was performed after normalizing the peak at ~ 
6 ppm. Both the pure TiO2 nanocrystals and the hydrogenated TiO2 nanocrystals were 
evacuated at room temperature overnight to remove the surface adsorbed water from the 
atmosphere. 
 
2.3.7 ESR Spectroscopy180 
ESR concerns the resonant absorption of microwave radiation by paramagnetic 
systems in the presence of an applied magnetic field. It is a technique to study the 
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∆ܧ = ℎߥ = ݃ߤ஻ܤ଴ 
 
ESR was used to examine whether oxygen vacancies were created during the 
process of vacuum treatment. The ESR spectra were collected on a Benchtop Micro-
ESRTM spectrometer (Active Spectrum, Foster City, CA), at a microwave frequency of 
9.70 GHz at room temperature without light irradiation. The ESR data were calibrated in 
relation to g = 2.0066 of 2,2,6,6-tetramethyl-4-hydroxylpiperidine-1-oxyl. The scanning 
time was 30 s per sweep, and the spectrum was averaged after 30 sweeps. Quartz ESR 
tubes with an inner diameter of about 5.8 mm was used. 
 
2.3.8 XPS 
XPS gives the chemical bonding and valance band information of the sample. It is 
obtained by irradiating a sample with monoenergetic x-rays and analyzing the electrons 
emitted. The emitted electrons have the following kinetic energies: 
 
ܧ௞ = ℎߥ − ܧ஻ − ∅௦ 
 
where ℎߥ is the energy of the photon. ܧ஻ is the binding energy of the atomic orbital form 
that the electron originates, and ∅௦ is the spectrometer work function. 
The T 2p, O 1s, and C 1s XPS spectra of pure and modified TiO2 nanocrystals were 
measured by XPS on a PHI 5400 XPS system (ULVAC-PHI, Inc., Japan) equipped with 
a conventional (non-monochromatic) Al anode x-ray source with Kα radiation. Small 
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amount of TiO2 nanocrystals were pressed onto conductive carbon tape for XPS 
measurements. The binding energies from the samples were calibrated, with respect to 
the C 1s peak, from the carbon tape at 284.6 eV. 
 
2.4 Electrode Preparation 
Half-cells were fabricated as follows.181 The materials used in the fabrication of 
these half-cells include acetylene black (AB), polyvinylidene fluoride (PVDF), and N-
methylpyrrolidone (NMP). The preparation of the TiO2 electrodes was conducted in an 
argon-filled glove box. The electrode mixture (82 wt% TiO2, 8 wt% AB, and 10 wt% 
PVDF) was steadily dispersed in NMP using a Polytron PT10-35 homogenizer at 2700 
rpm for 30 minutes. The slurry was cast on a battery-grade copper sheet using a doctor 
blade. After being dried overnight, the electrodes were punched to 1/2" diameter discs 
and dried in vacuo at 110 °C overnight before being assembled into coin cells. The 
electrode loading was controlled at around 1.2 mg TiO2/cm2. 
 
2.5 Coin Cell Fabrication and Testing 
2.5.1 Coin Cell Fabrication 
Coin cell assembly was prepared in standard 2325 hardware under a dry argon 
atmosphere. The separator was from Celgard (product 2400). 1M lithium 
hexafluorophosphate (LiPF6) in ethylene carbonate (EC): diethyl carbonate (DEC) (1:2 
weight ratio) was used as the electrolyte solution, and lithium as the counter electrode. 
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test, the charge and discharge rates were changed simultaneously, and for the following 
cycles only the charge rates were changed while the discharge rate was kept at 1C. 
 
2.6 Electrochemical Impedance Spectroscopy (EIS) 
2.6.1 Introduction of EIS 
EIS is a technique for understanding electrochemical systems. By measuring cell 
impedance in the form of real and imaginary components and phase angle, it is possible 
to simulate the electrochemical processes, such as the electronic/ionic conduction in the 
electrode and electrolytes, interfacial charging either at the surface films or the double-
layer, charge transfer processes, and the mass transfer effects in the cell by equivalent 
circuit.182 The classical equivalent circuit can be depicted in Scheme 2.1. RS represents 
the ohmic resistance, including the bulk resistance of the electrolyte, separator, and 
electrode. Cf represents the double layer capacitance the electrode interface. Rf is charge 
transfer resistance and Wo1 is Warburg impedance representing the mass transfer effects 
interfering with the charge transfer processes. However, the actual process is much more 
complicated than the above equivalent circuit, especially for the surface-modified TiO2 
nanocrystals. New equivalent circuits should be established based on the classical one 
according to different modification methods. 
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Scheme 2.1. Classical equivalent circuit of the lithium-ion battery. 
 
 
 
2.6.2 EIS Measurement 
EIS was measured with a Biologic potentiostat/EIS instrument. The frequency range 
was between 1 MHz and 10 mHz. The voltage modulation applied was 100 mV. 
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CHAPTER 3  
DESIGN, PREPARATION AND PROPERTIES OF THE HYDROGENATED 
TITANIUM DIOXIDE NANOCRYSTALS 
(The main content of this chapter was published in Nano Energy, 2013, 2, 826-835 
entitled “Hydrogenated surface disorder enhances lithium ion battery performance” and 
Journal of Materials Chemistry A, 2013, 1, 2983-2989 entitled “Revealing the structural 
properties of hydrogenated black TiO2 nanocrystals” as research article.) 
3.1 Introduction 
Anatase TiO2 nanocrystal was used as a starting material to study the battery 
performances of the surface-modified TiO2. As discussed before, for ordinary anatase 
TiO2, only half capacity could be reached as the capacity fade because of the structural 
deformation.113,114,149,150 Lots of effects, including size reduction and morphology 
modification, have been made in order to improve the performances.13 Lu et al.183 
reported the hydrogenated TiO2 nanotubes with significantly improved electrochemical 
performances as electrode materials for supercapacitors. The enhancement in capacitance 
was proposed to be caused by the combined contribution from the improved donor 
density and the increased density of surface hydroxyl groups.183 
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Chen et al.176 reported that by hydrogenation under a high pressure and an elevated 
temperature, the pure TiO2 nanocrystals (white) would turn out to be the hydrogenated 
TiO2 nanocrystals (black). The arrangement of the atoms on the surface layers 
surrounding the crystalline TiO2 core was changed during this process.176 The overlap of 
the oxygen p- and titanium d-orbitals, along with a mixing of the hydrogen s-orbitals with 
those of TiO2 induced mid-gap electronic levels above the valance band of TiO2, where 
the H atoms were partially bonded to both O atoms and Ti atoms.176 For the hydrogenated 
TiO2 nanocrystals, the highly crystalline core was covered by a highly disordered layer. 
This crystalline/disordered core/shell structure performed excellently as a photocatalyst 
for decomposing organic pollutions and generating hydrogen due to its better charge 
separation capacity after the light absorption.176 
In this chapter, the hydrogenated TiO2 nanocrystals were prepared by hydrogenating 
the pure TiO2 nanocrystals. A disordered amorphous layer was generated during the 
process. This layer was supposed to be beneficial to the charge transfer process. Low-
resolution TEM and high-resolution TEM, XRD, Raman, FTIR, XPS, and 1H-NMR were 
used to characterize the structure of the two TiO2 nanocrystals. Obvious structural 
differences could be obtained and further analyzed. Electrodes were made by the pure 
TiO2 nanocrystals and the hydrogenated TiO2 nanocrystals to compare their battery 
performances, including discharge capacity, Coulombic efficiency, and rate performance. 
The hydrogenated TiO2 nanocrystals showed better battery performances than the pure 
TiO2 nanocrystals. The relationships between the structure and the battery performances 
were also studied. 
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3.2 Preparation 
The pure TiO2 nanocrystals were synthesized through a hydrothermal method. The 
hydrogenated TiO2 nanocrystals were prepared by placing the pure TiO2 nanocrystals in a 
sealed sample chamber under vacuum for 1 hour followed by hydrogenation under a 20.0 
bar H2 atmosphere at about 200 °C for 5 days. The experiment methods were described in 
Chapter 2 in detail. 
 
3.3 Results and Discussions of Characterization 
3.3.1 Low-Resolution TEM and High-Resolution TEM 
Figure 3.1 shows the low-resolution TEM and high-resolution TEM of (A and B) the 
pure TiO2 nanocrystals and (C and D) the hydrogenated TiO2 nanocrystals. The low-
resolution TEM (Figure 3.1 (A) and Figure 3.1 (C)) suggested that both samples had a 
similar average size around 10 nm and the sizes distributed well. The high-resolution 
TEM (Figure 3.1 (B) and Figure 3.1 (D)) provided a deeper understanding of the 
nanocrystals. The average crystal sizes of both samples were around 10 nm in diameter. 
The pure TiO2 nanocrystals were highly crystallized throughout the whole particle, while 
the hydrogenated TiO2 nanocrystals showed a crystalline core with a disordered 
amorphous shell whose thickness was around 0.4-1.0 nm. 
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Figure 3.1. Low-resolution and high-resolution TEM images of (A and B) the pure TiO2 
nanocrystals and (C and D) the hydrogenated TiO2 nanocrystals. 
 
 
 
3.3.2 XRD 
The XRD patterns of the pure TiO2 nanocrystals and the hydrogenated TiO2 
nanocrystals are shown in Figure 3.2. The strong typical diffraction peaks of the pure 
TiO2 nanocrystals and the hydrogenated TiO2 nanocrystals indicated that both samples 
were anatase crystals. The changes in the plane spacing of various lattice planes of the 
hydrogenated TiO2 nanocrystals could be obtained by subtracting and normalizing with 
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the plane spacing values of the bulk anatase TiO2. The results can be seen in Figure 3.3. 
From the figure it was easy to find out that for the pure TiO2 nanocrystals, the values of 
the plane spacing of planes (211), (204), (101), (200), and (220) were larger than the bulk 
anatase TiO2, while the values of plane spacing of plane (116), (215), (001), and (105) 
were smaller than the bulk anatase TiO2. After hydrogenation, all the values of the plane 
spacing decreased and they were smaller than those of the bulk anatase TiO2. The 
absolute values of the plane spacing and the directional size can be found in Table 3.1. As 
mentioned before, the unit cell parameter a and c could be calculated through the 
relationship with adjacent planes. The changes of a, c, and volume v (Figure 3.4) of the 
pure TiO2 nanocrystals and the hydrogenated TiO2 nanocrystals were also calculated by 
subtracting and normalizing with the values of the bulk anatase TiO2. These results are 
shown in Table 3.2. Compared with the bulk anatase TiO2 (a: 3.7892 Å, c: 9.5370 Å, and 
volume v: 136.93 Å3), the unit cell parameter a of the pure TiO2 nanocrystals was 
expanded 0.0385%, the unit cell parameter c was contracted 0.2321%, and the cell 
volume v was contracted 0.1534%. After hydrogenation, the unit cell parameter a 
contracted 0.1566% compared to bulk anatase TiO2. The unit cell parameter c and cell 
volume v contracted further 0.1779% and 0.4901%, respectively. The unit cell parameter 
a of the hydrogenated black TiO2 nanocrystals was contracted 0.1180%, the unit cell 
parameter c was contracted 0.4097%, and the cell volume v was contracted 0.6427% 
compared to bulk anatase TiO2. Overall, after hydrogenation, the unit cell of TiO2 
contracted. 
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Table 3.1. Size of the pure TiO2 nanocrystals and the hydrogenated TiO2 nanocrystals 
derived from XRD data. 
Peak index 
Angle 
/degree 
FWHM 
/degree 
Plane distance 
/Å 
Directional size 
/Å 
 Purea HGb Purea HGb Purea HGb Purea HGb 
101 25.21 25.32 0.98 1.04 3.53254 3.51744 83.13096 78.35180
004 37.82 37.89 1.31 1.33 2.37872 2.37448 64.15308 63.20161
200 48.00 48.08 1.11 1.15 1.89533 1.89236 78.40433 75.70077
105 53.87 54.08 0.99 1.01 1.70184 1.69573 90.07959 88.37828
211 54.89 55.07 1.05 1.04 1.67261 1.66757 85.32144 86.21228
204 62.50 62.67 1.43 1.22 1.48601 1.48238 65.0333 76.29633
116 68.81 68.85 1.07 1.32 1.36433 1.36364 90.05787 73.01891
220 70.13 70.43 1.30 1.31 1.34185 1.33687 74.71894 74.28533
215 75.23 75.27 1.26 1.67 1.26304 1.26247 79.65742 60.11698
aPure means the pure TiO2 nanocrystals. 
bHG means the hydrogenated TiO2 nanocrystals. 
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Figure 3.4. Changes in unit cell parameters a and c with unit cell volume v of the pure 
TiO2 nanocrystals and the hydrogenated TiO2 nanocrystals. 
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Table 3.2. Unit cell parameters of the pure TiO2 nanocrystals and the hydrogenated TiO2 
nanocrystals. 
 Cell parameter a/Å Cell parameter c/Å Cell volume v/Å3
Bulk TiO2 3.7892 9.5370 136.93 
Pure TiO2 3.79066 9.51486 136.72 
Hydrogenated TiO2 3.78473 9.49793 136.05 
 
 
 
By using the Scherrer equation, the directional crystalline grain sizes were 
calculated. The values and figure are shown in Table 3.1 and Figure 3.5, respectively. For 
example, for the pure TiO2 nanocrystals, the average length was 8.3 nm along (101), and 
6.4 nm along (004). After hydrogenation, the average length of the TiO2 nanocrystals 
along various directions decreased, except along (211) and (204) direction. The length 
along (204) increased from 6.503 nm to 7.630 nm and along (211) increased from 8.532 
nm to 8.621 nm. Among these decreased lengths, the lengths along (215) and (116) 
decreased most, from 7.966 nm to 6.012 nm and from 9.006 nm to 7.302 nm, 
respectively. The length along (101), (105), and (220) decreased the least. These length 
changed along various directions suggested that the morphology and shape might have 
been changed dramatically after hydrogenation. In particular, the size of the crystalline 
phase of the hydrogenated TiO2 nanocrystals contracted 5.75% (0.478 nm), 1.48% (0.095 
nm), 3.44% (0.270 nm), 1.89% (0.170 nm), 18.92% (1.704 nm), 0.58% (0.043 nm), and 
24.54% (1.955 nm) along the (101), (004), (200), (105), (116), (220), and (215) 
directions, respectively. As the hydrogenated TiO2 nanocrystals showed the crystalline 
 77
anatase phase according to XRD spectrum, it could be deduced that from different 
directions the thickness of the disordered amorphous layer caused by hydrogenation 
ranged from ~ 0.1 nm to ~ 2 nm, which was roughly consistent with the high-resolution 
TEM results shown in Figure 3.1 (D). 
 
 
 
 
Figure 3.5. Average crystalline length along different directions of the pure TiO2 
nanocrystals and the hydrogenated TiO2 nanocrystals.  
 
 
 
3.3.3 Raman 
The Raman spectra of the pure TiO2 nanocrystals and the hydrogenated TiO2 
nanocrystals are shown in Figure 3.6.176 Five Raman active modes (144.6 cm-1, 199.1 cm-
1, 397.8 cm-1, 519.2 cm-1 (519 cm-1 superimposed with 517 cm-1), and 641.6 cm-1) could 
be found in the spectrum of the pure TiO2 nanocrystals. However, for the hydrogenated 
TiO2 nanocrystals, besides the typical anatase peaks, there were additional peaks at 246.9 
cm-1, 294.2 cm-1, 352.9 cm-1, 690.1 cm-1, 765.5 cm-1, 849.1 cm-1, and 938.3 cm-1. As 
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3.3.5 XPS 
The C 1s, Ti 2p, and O 1s XPS of the pure TiO2 nanocrystals and the hydrogenated 
TiO2 nanocrystals are shown in Figure 3.8 (A), Figure 3.8 (B), and Figure 3.8 (C) 
respectively.176 The binding energies from the samples were calibrated with respect to the 
C 1s peak from the carbon tape at 284.6 eV. Both samples showed the C 1s peak that 
could be attributed to the atmospheric carbon deposition on the surfaces of the samples 
during the measurement (Figure 3.8 (A)). The pure TiO2 nanocrystals and the 
hydrogenated TiO2 nanocrystals had the same Ti 2p spectra (Figure 3.8 (B)), which 
meant that Ti atoms had the similar bonding environment after hydrogenation. TiO2 were 
not doped with carbon or other impurities,176 which further proved that no additional 
carbons were introduced by hydrogenation. The O 1s XPS spectra are shown in Figure 
3.8 (C). A big difference could be seen between the pure TiO2 nanocrystals and the 
hydrogenated TiO2 nanocrystals. The pure TiO2 nanocrystals possessed one O 1s peak at 
530.0 eV, which was typical for TiO2. However for the hydrogenated TiO2 nanocrystals, 
two peaks (530.0 eV and 530.9 eV) were needed to fit the original data. One peak was at 
530.0 eV, same as the pure TiO2 nanocrystals. The other peaks was at 530.9 eV, which 
could be attributed to the Ti-OH species.176 From the analysis, it was not difficult to 
know that the black color of the hydrogenated TiO2 nanocrystals was not caused by 
possibly introduced carbon in the surface. It was caused by the disordered surface nature. 
 
 
 
 F
the 
igure 3.8.176
The variat
pure TiO2 n
 (A) Ti 2p (
3.4 Resu
ions of disc
anocrystals 
B) C 1s (C)
hydrogena
lts and Disc
3.4.1
harge capac
and the hyd
81
 O 1s XPS o
ted TiO2 nan
 
 
 
ussions of C
Discharge C
ity versus cy
rogenated T
f the pure T
ocrystals. 
ycling Perf
apacity 
cle number
iO2 nanocry
iO2 nanocry
ormances 
 for the firs
stals are sh
stals and the
t 500 cycles
own Figure 
 
 
 of 
3.9 
 82
(A). The first cycle was conducted at C/25 rate, and the second cycle was conducted at 
C/5 rate, and the remaining cycles were conducted at 1C rate. The initial discharge 
capacity of the hydrogenated TiO2 nanocrystals was 250 mAh/g at C/25 rate, 5.5% higher 
than the value of the pure TiO2 nanocrystals (237 mAh/g). For the second cycle, the 
discharge capacity of the hydrogenated TiO2 nanocrystals was 201 mAh/g at C/5 rate, 
24.1% higher than that of the pure TiO2 nanocrystals (162 mAh/g). For the third cycle, 
the discharge capacity of the hydrogenated TiO2 nanocrystals was 159 mAh/g at 1C rate, 
15.2% higher than that of the pure TiO2 nanocrystals (138 mAh/g). The discharge 
capacity of the hydrogenated TiO2 nanocrystals decreased more slowly than that of the 
pure TiO2 nanocrystals in the first 150 cycles before leveling off. After 150 cycles, the 
discharge capacity of the hydrogenated TiO2 nanocrystals was 133 mAh/g at 1C rate, 
23.1% higher than that of the pure TiO2 nanocrystals (108 mAh/g). By the end of 500 
cycles, the discharge capacity of the hydrogenated TiO2 nanocrystals was 105 mAh/g at 
1C rate, 12.9% higher than that of the pure TiO2 nanocrystals (93 mAh/g). Interestingly, 
for the first 10 cycles, the pure TiO2 nanocrystals experienced a drastic fluctuation in the 
discharge capacity as shown in Figure 3.9 (B).  
 
 
 
 F
c
cyc
TiO
sam
sho
cyc
dec
nan
und
rem
Cou
igure 3.9. V
ycles and (B
The variat
le number f
2 nanocryst
ples had a s
wed that th
le. Then th
rease in th
ocrystals, th
ergo a fluc
ained stead
lombic effi
ariation of 
) the first 5
ions of the 
or the first 5
als are show
teady effici
e pure TiO
e efficiency
e next 16 
e Coulomb
tuation in th
ily in the ne
ciency of th
discharge ca
0 cycles of t
TiO
3.4.2 C
Coulombic 
00 cycles o
n in Figure
ency after ar
2 nanocryst
 fluctuated 
cycles (Fig
ic efficienc
e next cycl
xt 16 cycle
e pure TiO2
83
pacity versu
he pure TiO
2 nanocryst
 
 
 
oulombic E
efficiency a
f the pure T
 3.10 (A) a
ound 50 cyc
als had a lo
in the nex
ure 3.10 (
y was also 
es, instead, 
s (Figure 3.
nanocrystal
s cycle num
2 nanocrysta
als.  
fficiency 
long with th
iO2 nanocry
nd Figure 3
les. A close
w Coulomb
t 3 cycles, 
C)). As fo
low for the
it increased
10 (D)). By 
s was aroun
ber for (A) 
ls and the h
e charge/di
stals and th
.10 (B), resp
r look at the
ic efficienc
and follow
r the hydr
 first cycle,
 in the nex
the end of 
d 99.6% wh
the first 500
ydrogenated
scharge ver
e hydrogena
ectively. B
 first 20 cyc
y for the f
ed by a sli
ogenated T
 but it did 
t 4 cycles a
500 cycles, 
ile the value
 
 
 
sus 
ted 
oth 
les 
irst 
ght 
iO2 
not 
nd 
the 
 of 
 the 
nan
effi
lith
dur
Fi
cyc
an
hydrogenat
ocrystals pe
ciency. The
ium-ions in
ing the char
 
 
 
gure 3.10. V
le number o
d the hydro
ed TiO2 na
rformed bet
 difference c
 the disorde
ge/discharge
ariation of 
f the pure T
genated TiO
nocrystals 
ter than the 
ould be attr
red amorph
 processes.
Coulombic e
iO2 nanocry
2 nanocrysta
84
was 99.9%
pure TiO2 n
ibuted to a b
ous layer o
fficiency al
stals (A: the
ls (B: the fi
. Apparently
anocrystals 
etter struct
f the hydro
ong with th
 first 500 cy
rst 500 cycl
, the hydr
in terms of 
ural accomm
genated TiO
e charge/dis
cles; C: the 
es; D: the fi
ogenated T
the Coulom
odation of 
2 nanocrys
charge versu
first 20 cycl
rst 20 cycles
iO2 
bic 
the 
tals 
 
s 
es) 
). 
 85
3.4.3 Rate Performance 
The rate performances of the pure TiO2 nanocrystals and the hydrogenated TiO2 
nanocrystals are shown in Figure 3.11 and Table 3.3. For the first 18 cycles of the rate 
performance test, the charge and discharge rates were changed simultaneously, and for 
the following cycles only the charge rates were changed while the discharge rate was kept 
at 1C. For both samples, as the charge rate increased, the discharge capacity decreased 
accordingly. For example, for the first 18 cycles, the capacity of the pure TiO2 
nanocrystals was 144 mAh/g at 1C rate, 65 mAh/g at 10C rate, and 7 mAh/g at 50C rate. 
As for the hydrogenated TiO2 nanocrystals, the capacity was 150 mAh/g at 1C rate, 79 
mAh/g at 10C rate, and 16 mAh/g at 50C rate. Apparently, the hydrogenated TiO2 
nanocrystals possessed larger capacity than the pure TiO2 nanocrystals at the same rate. 
For the next 18 cycles, the discharge capacity of both samples increased compared to the 
case where both the charge/discharge rates were the same. Except for 1C rate, the 
hydrogenated TiO2 nanocrystals performed better than the pure TiO2 nanocrystals in this 
situation. The capacity of the pure TiO2 nanocrystals was 157 mAh/g at 1C rate, 105 
mAh/g at 10C rate, and 35 mAh/g at 50C rate. As for the hydrogenated TiO2 
nanocrystals, the capacity was 155 mAh/g at 1C rate, 127 mAh/g at 10C rate, and 16 
mAh/g at 56C rate. Obviously, the hydrogenated TiO2 had better performance at high 
rates than the pure TiO2 nanocrystals, which meant that the disordered amorphous layer 
acted positively for the improvement of rate performance. This improvement might have 
been possibly caused by the lower energy barrier of the transport of lithium-ions during 
the charge/discharge processes in the disordered amorphous surface.187 Similar result was 
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Table 3.3. Rate performance of the pure TiO2 nanocrystals and the hydrogenated TiO2 
nanocrystals at various charge rates. 
  Sample 1C 2C 5C 10C 20C 50C 
Discharge 
capacity/ 
mAh/g 
1-18 cycles 
(Symmetricb) 
Purea  144 124 90 65 35 7 
HGc 150 137 105 79 50 16 
19-36 cycles 
(Asymmetricd) 
Purea  157 143 123 105 83 35 
HGc 155 151 142 127 103 56 
aPure means the pure TiO2 nanocrystals. 
bSymmetric means charge rate equals discharge rate. 
cHG means the hydrogenated TiO2 nanocrystals. 
dAsymmetric means discharge rate equals 1C. 
 
 
 
3.4.4 Analysis of Galvanostatic Charge/Discharge Profiles 
The galvanostatic charge/discharge profiles for the first cycle at C/25 rate, 35th cycle 
at 1 C rate, and 100th cycle at 1C rate for the electrode made of the pure TiO2 
nanocrystals and the hydrogenated TiO2 nanocrystals are shown in Figure 3.12 (A) and 
Figure 3.12 (B), respectively. The hydrogenated TiO2 nanocrystals were not only having 
the higher charge/discharge capacity than the pure TiO2 nanocrystals in these cycles, but 
also possessing larger charge/discharge plateaus and smaller potential differences 
between the charge and discharge cycle. The average potential difference between the 
charge and discharge cycle of the hydrogenated TiO2 nanocrystals was about 0.11 V, 
42.1% smaller than that of the pure TiO2 nanocrystals (0.19 V). The smaller potential 
differences indicated the smoother charge transfer in the disordered amorphous layer, 
which meant that the charge transfer resistance was decreased. It might have been caused 
by the weaker chemical bonding between the transferred charge and the host matrix in the 
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concluded that the black color of the hydrogenated TiO2 nanocrystals was caused by the 
disordered surface nature. It was not resulted from the possibly introduced carbon in the 
surface. Both samples were used as an electrode material in half-cells and their cycling 
performances were tested. The hydrogenated TiO2 nanocrystals performed better than the 
pure TiO2 nanocrystals in terms of discharge capacity, Coulombic efficiency, and rate 
performance, which indicated that the disordered amorphous layer could have facilitated 
the charge transfer and the capacity retention of the electrodes. 
 
 
 
 
Figure 3.14. Illustration of the hydrogenated TiO2 layer to facilitate the fast charge 
transfer and the capacity retention. 
 
 
 
3.5.1 Structural Tolerance 
As can be seen in Figure 3.1 (D), the hydrogenated TiO2 nanocrystals provided a 
large rough surface, which might have edges and corners on the atomic level that were 
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more favorable for the ion adsorption due to the possible surface dangling bonding 
available. Furthermore, for the hydrogenated TiO2 nanocrystals, as the surface was 
disordered, the lattice was poorly defined with the thermodynamically metastable 
energetic states as compared to the pure TiO2 nanocrystals. This would enhance the 
penetration of lithium-ions into the lattice of the host matrix, resulting in lower lithium-
ion transport resistance. It was consistent with the cycling test results. Considering the 
structure rigidity, as the pure TiO2 nanocrystals had an ordered rigid surface, it might not 
have provided a good interface to accommodate lithium-ions, causing a low discharge 
capacity (Figure 3.9 and Figure 3.12 (A)), a variable Coulombic efficiency (Figure 3.10 
(C)), and a poor rate performance (Figure 3.11 and Figure 3.13 (A)). Also, due to the 
large structural distortion tolerance, the hydrogenated TiO2 nanocrystals might have 
accommodated lithium-ions much more easily, providing a high discharge capacity 
(Figure 3.9 and Figure 3.12 (B)), a stable efficiency (Figure 3.10 (D)), and a good rate 
performance (Figure 3.11 and Figure 3.13 (B)). 
As mentioned before, for anatase TiO2 used as an anode material for the lithium-ion 
battery, the unit volume will increase around 4% as the c-axis decreases and the b-axis 
increases by symmetry change, which causes a rapid capacity fade.150 Thus, x = 0.5 is 
considered to be the maximum intercalation value for anatase.113,114 For the hydrogenated 
TiO2 nanocrystals, it showed great improvement of discharge capacity as well as 
Coulombic efficiency and rate performance compared to the pure TiO2 nanocrystals, 
although it did not perform beyond the limitation of 0.5. According to the previous XRD 
analysis, compared with bulk TiO2, the unit cell parameter a, c, and cell volume v of the 
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hydrogenated TiO2 nanocrystals reduced 0.1180% to 3.78473 Å, 0.4100% to 9.49793 Å, 
and 0.6427% to 136.05 Å3, respectively. The large structural distortion due to the 
increase of the unit cell volume and the unit cell was thus relieved to some extent due to 
the structural alteration in the hydrogenated TiO2 nanocrystals during the hydrogenation 
process. This kind of release in stress might have caused better structural stability of the 
TiO2 host for the intercalation/extraction processes of lithium-ions. Thus, it could be 
considered to be another reason for better cycling performances. 
 
3.5.2 Hydrogen Mobility 
3.5.2.1 FTIR 
In order to further understand why the disordered amorphous layer of the 
hydrogenated TiO2 nanocrystals helped the transport of lithium-ions in the host matrix, a 
deeper look at the FTIR is needed (Figure 3.7). As discussed before, the hydrogen 
incorporated into the TiO2 did not passivate a significant number of O dangling bonds. 
The hydrogenated TiO2 nanocrystals possessed a more complex environment of OH 
(broader peak around 3400 cm-1) on the disordered surface than that of the pure TiO2 
nanocrystals. In addition to the inhomogeneous effect mentioned above, the 
homogeneous (lifetime) effect due to the rapid exchange among sites might have also 
resulted in the linewidth difference. Such exchange could have provided much faster 
hydrogenation diffusion rate from surface to the bulk. As the exchange of protons and 
lithium-ions was observed in the lithium intercalation materials,189,190 the faster hydrogen 
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diffusion rates suggested that the diffusion rate of lithium-ions was also faster, as the 
hydrogen could be more easily replaced by the lithium-ions in the hydrogenated TiO2 
nanocrystals than in the pure TiO2 nanocrystals. Thus, the hydrogenated TiO2 
nanocrystals were supposed to have better cycling performances than the pure TiO2 
nanocrystals. The speculation was consistent with the results of cycling performance 
tests. 
 
3.5.2.2 1H-NMR 
The high mobility of the hydrogen in the hydrogenated TiO2 nanocrystals was also 
verified by 1H-NMR study. The 1H-NMR spectra of the pure TiO2 nanocrystals and the 
hydrogenated TiO2 nanocrystals are shown in Figure 3.15. Both samples showed a large 
peak at +5.7 ppm. The hydrogenated TiO2 nanocrystals displayed it a litter broader than 
the pure TiO2 nanocrystals, which might have been caused by the incorporation of H at 
bridging sites at the rutile-like phase produced during the hydrogenation process, or due 
to the bridging sites located on difference crystallographic planes on the surface. 
Furthermore, the hydrogenated TiO2 nanocrystals possessed two additional narrow peaks 
at +0.73 ppm and -0.03 ppm. These two peaks were small and sharp, which suggested 
that the amounts of hydrogen of these kinds were low and, in addition, there were 
dynamic exchanges between 1H (fast motions) in different environments. The rapid 
isotropic diffusion and rapid exchange between different proton environments could be 
examples of such dynamic exchange mechanisms.191,192 These two peaks were associated 
with H located in the disordered amorphous layer after hydrogenation. Thus, the presence 
 of 
pro
mob
ion
rep
was
 
 
 
batt
nan
hydrogenate
vided an ex
ility in the
s was higher
laced by the
 further pro
 
 
 
Figure 3.1
In summa
ery perform
ocrystals w
d disordere
planation f
 hydrogenat
 compared 
 lithium-ion
ved by the r
5. 1H magic
nanocrys
ry, hydroge
ances of 
ere convert
d amorpho
or the enh
ed TiO2 nan
to the pure T
s. The anal
esults of cyc
-angle spinn
tals and the 
3.
nation was 
TiO2 nano
ed into the
94
us layer o
anced hydr
ocrystals s
iO2 nanocr
ysis was co
ling perform
ing solid sta
hydrogenate
6 Summar
used as a 
crystals. A
 hydrogena
f the TiO2
ogen mobil
uggested th
ystals, as th
nsistent wit
ance tests.
te NMR sp
d TiO2 nano
y 
modificatio
fter hydro
ted TiO2 n
nanocrysta
ity. The hi
at the mobi
e hydrogen 
h the FTIR 
 
ectra of the 
crystals. 
n method t
genation, t
anocrystals.
ls might h
gher hydrog
lity of lithiu
could be eas
spectra, an
pure TiO2 
o improve 
he pure T
 A disorde
ave 
en 
m-
ily 
d it 
the 
iO2 
red 
 95
amorphous layer outside the crystalline core was generated. Compared with the pure 
TiO2 nanocrystals, the hydrogenated TiO2 nanocrystals displayed a better discharge 
capacity (105 mAh/g after 500 cycles), a near 100% Coulombic efficiency without 
noticeable degradation, and an improved high-rate performance.  
From the analysis of the galvanostatic charge/discharge profiles, it indicated that the 
disordered amorphous layer of the hydrogenated TiO2 nanocrystals possessed a weaker 
chemical bonding between the transferred charge and host matrix. It also provided a 
larger charge transfer depth. The large structural tolerance of the hydrogenated TiO2 
nanocrystals could be one possible explanation. In addition, the faster ion exchange and 
hydrogen mobility in the disordered amorphous layer might have provided another 
explanation of better charge transfer efficiency and capacity retention efficiency. This 
concept of the surface-disordered structure on the outer layer of the crystalline electrode 
materials provides an alternative solution in searching for high performance electrode 
materials. 
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CHAPTER 4  
DESIGN, PREPARATION AND PROPERTIES OF THE VACUUM-TREATED 
TITANIUM DIOXIDE NANOCRYSTALS 
(The main content of this chapter was published in Nano Letters, 2013, 13, 5289-5296 
entitled “Built-in electric field-assisted surface-amorphized nanocrystals for 
high-rate lithium-ion battery” as research article.) 
4.1 Introduction 
Anatase TiO2 nanocrystals were also used as a kind of starting material here. Shin et 
al.112 synthesized the oxygen-deficient TiO2-δ nanoparticles that displayed a high-rate 
capacity of lithium storage prepared by hydrogen reduction. They proposed that the well-
balanced Li+/e- transport was the key factor for the improved performances.112 The 
formation of the oxygen vacancies played an important role in increasing the electronic 
conductivity that benefited charge transfer then improved the battery performances.112 
Aschauer and Selloni193 recently suggested that the subsurface oxygen vacancies on the 
reduced anatase were the favorable adsorption sites for hydrogen atoms from density 
functional theory calculations. Oxygen vacancies can be created by higher-temperature 
heating and/or ultra-higher vacuum, high-energy particle bombardment,194γ-ray195, or 
ultraviolet irradiation.102 
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In this chapter, the pure TiO2 nanocrystals went through a vacuum treatment to 
convert to the vacuum-treated TiO2 nanocrystals, expecting to have oxygen vacancies in 
the outer layer of TiO2 nanocrystals. Low-resolution TEM and high-resolution TEM, 
XRD, Raman, FTIR, ESR, and XPS were used to characterize the structure of the pure 
TiO2 nanocrystals and the vacuum-treated TiO2 nanocrystals. Electrodes were made by 
both samples to compare their discharge capacity, Coulombic efficiency, and rate 
performance. The vacuum-treated TiO2 nanocrystals showed better battery performances 
than the pure TiO2 nanocrystals. EIS was used to analyze the electrochemical processes 
inside the cell. The relationships between the structure and the battery performances were 
also studied.  
 
4.2 Preparation 
The pure TiO2 nanocrystals were synthesized through a hydrothermal method. The 
vacuum-treated TiO2 nanocrystals were prepared by placing the pure TiO2 nanocrystals 
in a vacuum chamber at 500 °C for 4 hours. The ramping and cooling rates of 
temperature were 10 °C /min. The experiment methods were described in Chapter 2 in 
detail. 
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4.3 Results and Discussions of Characterization 
4.3.1 Low-Resolution TEM and High-Resolution TEM 
The low-resolution, high-resolution TEM, and selected area electron diffraction 
(SAED) patterns of the pure TiO2 nanocrystals and the vacuum-treated TiO2 nanocrystals 
are shown in Figure 4.1. The low-resolution TEM images showed that both samples had a 
similar size around 10 nm (Figure 4.1 (A) and Figure 4.1 (D)). In addition, the 
aggregation and overlap could be observed. The high-resolution TEM images provided a 
deeper understanding of the nanocrystals (Figure 4.1 (B) and Figure 4.1 (E)). The pure 
TiO2 nanocrystals were highly crystallized throughout the whole particle, while the 
vacuum-treated TiO2 nanocrystals showed a crystalline core with an amorphous shell that 
was around 1-2 nm. The SAED pattern of the pure TiO2 nanocrystals showed clear 
anatase diffraction rings made of clean diffraction dots (Figure 4.1 (C)), suggesting that 
the pure TiO2 nanocrystals were highly crystallized. As for the vacuum-treated TiO2 
nanocrystals, there was a thick and milky diffraction background besides the anatase 
diffraction rings (Figure 4.1 (D)), indicating that the vacuum-treated TiO2 nanocrystals 
probably contained amorphous or disordered phases.196,197 The result was consistent with 
the high-resolution TEM observation (Figure 4.1 (E)). 
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Figure 4.1. Low-resolution, high-resolution TEM, and SAED patterns of (A−C) the pure 
TiO2 nanocrystals and (D−F) the vacuum-treated TiO2 nanocrystals. 
 
 
 
4.3.2 XRD 
The XRD patterns of the pure TiO2 nanocrystals and the vacuum-treated TiO2 
nanocrystals are shown in Figure 4.2. The strong typical diffraction peaks of both 
samples indicated that they were anatase crystals. The directional crystalline grain sizes 
were calculated by the Scherrer equation. Both samples had a particle size around 10 nm. 
That meant after vacuum-treatment, there was not much change of the main phase and 
the size.  
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Figure 4.2. XRD patterns of the pure TiO2 nanocrystals and the vacuum-treated TiO2 
nanocrystals.  
 
 
 
4.3.3 Raman 
The Raman spectra of the pure TiO2 nanocrystals and the vacuum-treated TiO2 
nanocrystals are shown in Figure 4.3. A big difference could be seen between the two 
samples. For the pure TiO2 nanocrystals, as discussed before, five Raman active modes 
could be found in the spectrum of the pure TiO2 nanocrystals. However, for the vacuum-
treated TiO2 nanocrystals, it showed only a weak peak at around 147.9 cm-1 (Eg) and a 
large luminescence background that suggested an amorphous phase might have been 
generated by the vacuum treatment. As the XRD patterns of the vacuum-treated TiO2 
nanocrystals showed that they were crystals, it could be deduced that the amorphous 
phase only appeared in the outer layer, as the Raman was more sensitive to the surface 
structure than the XRD.176,198,199 It complied with the analysis of the high-resolution TEM 
image of the vacuum-treated TiO2 nanocrystals (Figure 4.1 (E)). 
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4.3.6 XPS 
The C 1s, XPS survey, Ti 2p, and O 1s of the pure TiO2 nanocrystals and the 
vacuum-treated TiO2 nanocrystals are shown in Figure 4.6 (A), Figure 4.6 (B), Figure 4.6 
(C), and Figure 4.6 (D), respectively. The binding energies from the samples were 
calibrated with respect to C 1s peak at 284.6 eV. Both samples showed the C 1s peak that 
could be attributed to the atmospheric carbon deposition on the surfaces of the samples 
during the measurement (Figure 4.6 (A)). The XPS survey showed that both samples had 
no additional species (Figure 4.6 (B)), which indicated that there was no contamination 
introduced during the sample preparation process. As for Ti 2p (Figure 4.6 (C)), the two 
samples did not have much difference. Both of them showed the typical Ti4+ features 
with Ti 2p3/2 peak at around 459.0 eV and Ti 2p1/2 peak centered at around 464.4 
eV.176,203-205 For both samples, there was no Ti3+ peak (at around 457.0 eV), which 
indicated that the Ti3+ defect did not form in these preparation processes. The O 1s core-
level XPS spectra of both samples were quite similar as shown in Figure 4.6 (D). There 
was a peak around 530.5 eV that could be attributed to the O2- ions in the O-Ti-O lattice, 
and the OH contents of the two samples could be generally ignored.176,204,205 The vacuum 
treatment did not change the chemical bonding environment of Ti 2p and O 1s. The 
location of the oxygen vacancies was more likely in the amorphous outer layer when 
considering the highly crystallized phases were almost identical. The large structural 
alternation was observed in the outer layer of the vacuum-treated TiO2 nanocrystals. The 
formation of the amorphous phases could be attributed to the lattice relaxation or 
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4.4 Results and Discussions of Cycling Performances 
4.4.1 Discharge Capacity 
The variations of discharge capacity versus cycle number for the first 500 cycles of 
the pure TiO2 nanocrystals and the vacuum-treated TiO2 nanocrystals are shown in Figure 
4.7 (A). The first cycle was conducted at C/25 rate, and the second cycle was conducted 
at C/5 rate, and the remaining cycles were conducted at 1C rate. The initial discharge 
capacity of the vacuum-treated TiO2 nanocrystals was 270 mAh/g at C/25 rate, 13.9% 
higher than the pure TiO2 nanocrystals (237 mAh/g). For the second cycle, the discharge 
capacity of the vacuum-treated TiO2 nanocrystals was 206 mAh/g at C/5 rate, 27.2% 
higher than that of the pure TiO2 nanocrystals (162 mAh/g). For the third cycle, the 
discharge capacity of the vacuum-treated TiO2 nanocrystals was 173 mAh/g at 1C rate, 
25.4% higher than that of the pure TiO2 nanocrystals (138 mAh/g). By the end of 500 
cycles, the discharge capacity of the vacuum-treated TiO2 nanocrystals was 131 mAh/g at 
1C rate, 40.9% higher than that of the pure TiO2 nanocrystals (93 mAh/g). Interestingly, 
the vacuum-treated TiO2 nanocrystals experienced a fluctuation during 200-300 cycles 
while the pure TiO2 nanocrystals underwent a fluctuation in the first 10 cycles (Figure 4.7 
(B)).  
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4.4.3 Rate Performance 
The rate performances of the pure TiO2 nanocrystals and the vacuum-treated TiO2 
nanocrystals are shown in Figure 4.9 and Table 4.1. For the first 18 cycles of the rate 
performance test, the charge and discharge rates were changed simultaneously, and for 
the following cycles only the charge rates were changed while the discharge rate was kept 
at 1C. As expected, for both samples, the discharge capacity decreased as the charge rate 
increased, and the vacuum-treated TiO2 nanocrystals had better performance at high rates 
than the pure TiO2 nanocrystals. For example, for the first 18 cycles, the capacity of the 
vacuum-treated TiO2 nanocrystals was 75 mAh/g at 20C rate and 33 mAh/g at 50C rate, 
114.3% and 371.4% higher than that of the pure TiO2 nanocrystals (35 mAh/g at 20C 
rate, 7 mAh/g at 50C rate), respectively. To reach a capacity of 150 mAh/g, the pure TiO2 
nanocrystals will take around 1 hour (1C rate) to charge, while for the vacuum-treated 
TiO2 nanocrystals, it will only take less than 30 minutes (> 2C rate). For the next 18 
cycles, when the discharge rate was kept at 1C rate and the charge capacity changed, the 
discharge capacity of both samples increased compared to the case where both the 
charge/discharge rates were the same. The vacuum-treated TiO2 nanocrystals had much 
higher discharge capacity than the pure TiO2 nanocrystals, especially for the high rates. 
For example, the capacity of the pure TiO2 nanocrystals was 83 mAh/g at 20C rate and 
35 mAh/g at 50C rate, while for the vacuum-treated TiO2 nanocrystals, the value was 159 
mAh/g at 2C rate and 120 mAh/g at 50C rate. The increase was 91.6% and 242.9%, 
respectively. Obviously, the vacuum-treated TiO2 nanocrystals had a higher rate 
performance than the pure TiO2 nanocrystals, which could be possibly caused by the 
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lower lithium-ion transport resistance during the charge/discharge processes, and the 
larger capacity was resulted from the larger charge diffusion depth within the TiO2 
nanocrystals under the same testing conditions. It was in agreement with previous 
findings.188 
 
 
 
 
Figure 4.9. Comparison of the discharge capacities of the pure TiO2 nanocrystals and the 
vacuum-treated TiO2 nanocrystals at various charge rates. 
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Table 4.1. Rate performance of the pure TiO2 nanocrystals and the vacuum-treated TiO2 
nanocrystals at various charge rates. 
  Sample 1C 2C 5C 10C 20C 50C 
Discharge 
capacity/ 
mAh/g 
1-18 cycles 
(Symmetricb) 
Purea  144 124 90 65 35 7 
Vacc 172 158 129 103 75 33 
19-36 cycles 
(Asymmetricd) 
Purea  157 143 123 105 83 35 
Vacc 175 173 170 164 159 120 
aPure means the pure TiO2 nanocrystals. 
bSymmetric means charge rate equals discharge rate. 
cVac means the vacuum-treated TiO2 nanocrystals. 
dAsymmetric means discharge rate equals 1C. 
 
 
 
4.4.4 Analysis of Galvanostatic Charge/Discharge Profiles 
The galvanostatic charge/discharge profiles for the first cycle at C/25 rate, 35th cycle 
at 1 C rate, and 100th cycle at 1C rate for the electrode made of the pure TiO2 
nanocrystals and the vacuum-treated TiO2 nanocrystals are shown in Figure 4.10 (A) and 
Figure 4.10 (B), respectively. Besides the larger charge/discharge capacity, the vacuum-
treated TiO2 nanocrystals had larger charge/discharge plateaus and smaller potential 
differences between the charge and discharge cycle than the pure TiO2 nanocrystals in 
these cycles. The average potential difference between the charge and discharge cycle of 
the vacuum-treated TiO2 nanocrystals was about 0.11 V, 42.1% smaller than that of the 
pure TiO2 nanocrystals (0.19 V). Same analysis as the hydrogenated TiO2 nanocrystals, 
the smaller potential differences indicated the decreased charge transfer resistance. It 
might have been caused by the weaker chemical bonding between the transferred charge 
and the host matrix in the vacuum-treated TiO2 nanocrystals. Thus, lithium-ions 
 tran
cha
hav
the 
Fi
cy
 
 
 
pro
the 
vac
cha
the 
smo
sported mo
rge/discharg
e been caus
vacuum trea
 
 
 
gure 4.10. G
cle at 1 C ra
n
Figure 4.1
files at vario
vacuum-tre
uum-treated
rge/discharg
pure TiO2 n
other in the
re easily in 
e plateaus s
ed by a larg
tment migh
alvanostatic
te, and 100t
anocrystals
1 (A) and 
us charge r
ated TiO2 
 TiO2 nan
e plateaus b
anocrystals
 vacuum-tre
the amorph
uggested th
er charge tra
t have facili
 charge/disc
h cycle at 1C
 and (B) the
Figure 4.11
ates for the 
nanocrystals
ocrystals s
etween the
 at the same
ated TiO2 n
112
ous layer th
e bulk interc
nsfer depth
tated the cha
harge profil
 rate for the
 vacuum-tre
 (B) show
electrode m
, respective
howed hig
 charge/disc
 rate. Again
anocrystals
an in the c
alation abil
. The specia
rge transfer
es for the fi
 electrode m
ated TiO2 n
ed the galv
ade of the p
ly. Appare
her discha
harge cycle
, it indicate
 than in the
rystalline c
ity increase
l outer layer
 in the nano
rst cycle at C
ade of (A) 
anocrystals.
anostatic ch
ure TiO2 na
ntly, at var
rge capaci
s at each ch
d that charg
 pure TiO2 n
ore. The lar
d, which mi
 introduced
crystals.  
/25 rate, 35
the pure TiO
 
arge/discha
nocrystals a
ious rates, 
ty and lar
arge rate th
e transfer w
anocrystals
ger 
ght 
 by 
 
th 
2 
rge 
nd 
the 
ger 
an 
as 
. It 
 was
nan
F
rat
 
 
 
bett
galv
trea
cur
reg
vol
hom
lith
 also cause
ocrystals.  
 
 
 
igure 4.11. G
e = 1C) for t
In order to
er than the
anostatic c
ted TiO2 na
ve for the n
ion A (> 1.7
tage went t
ogeneous 
ium-ions in 
d by the spe
alvanostati
he electrode
 further und
 pure TiO2
harge/discha
nocrystals a
anoporous a
5 V), region
hrough a m
insertion of
TiO2.91 Whe
cial amorph
c charge/dis
 made of (A
treated 
erstand why
 nanocrysta
rge profiles
t charge rat
natase elec
 B (≈ 1.75 
onotonic d
 lithium-ion
n the voltag
113
ous surface
charge profi
) the pure T
TiO2 nanocr
 the vacuum
ls in these
 for the pur
e of 20C is
trode could 
V), and regi
rop to arou
s into the 
e dropped t
 structure o
les at variou
iO2 nanocry
ystals.  
-treated Ti
cycling tes
e TiO2 nan
 shown in F
be divided 
on C (< 1.7
nd 1.75 V
bulk, up to
o around 1.7
f the vacuu
s charge rat
stals and (B
O2 nanocrys
ts, the com
ocrystals an
igure 4.12.
into three v
5 V).91,121 I
. It was at
 a solid-so
5 V, it wen
m-treated T
es (discharg
) the vacuu
tals perform
parison of 
d the vacuu
 The discha
oltage regio
n region A, 
tributed to 
lution limit
t into region
iO2 
 
e 
m-
ed 
the 
m-
rge 
ns: 
the 
the 
 of 
 B. 
 114
In this region, there was a bi-phase plateau with the lithium-rich phases (Li0.2TiO2 
/Li0.4TiO2) coexisting with the lithium-poor phase (anatase TiO2).91 Then the voltage fell 
below 1.75 V to reach region C, which was caused by the reversible storage of lithium-
ions at the particle interface.91 As the voltage was higher than 1.75 V, although the two 
phases could accommodate more lithium-ions (x > 0.5), the phases no longer dissolved 
lithium-ions reversibly.91 In Figure 4.12, the vacuum-treated TiO2 nanocrystals had a 
larger region B (voltage plateau) and region C than the pure TiO2 nanocrystals. Shin et 
al.91 reported that reducing the particle size could increase the bulk intercalation and the 
interfacial storage capacities, resulting in increase of region B (due to the shorter 
diffusion length) and region C (due to the larger interfacial area). According to the TEM 
(Figure 4.1) and XRD results, both samples had a similar particle size. Thus, the increase 
of region B and region C was not mainly caused by the particle size. The newly 
introduced vacuum-treated layer of the vacuum-treated TiO2 nanocrystals might have 
played a key role in the improvement. That meant the outer layer containing the oxygen 
vacancies of the vacuum-treated TiO2 nanocrystals enhanced bulk intercalation by 
increasing the diffusion coefficient of lithium-ions. This outer layer also helped the 
interfacial storage capacities by increasing the surface area. 
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layers and the bulk for the vacuum-treated TiO2 nanocrystals. Wo-R is the Warburg charge 
diffusion resistance in the TiO2 electrode. Wo-T is Warburg diffusion time, which equals 
L2/D in the electrode, where L is the length of the diffusion layer in the electrode and D is 
the diffusion coefficient in the electrode. Wo-P is the Warburg exponent. C1 represents the 
space charge capacitance the carbon/TiO2 electrode interface. C2 is the double layer 
charge capacitance at the carbon/TiO2 electrode interface. Cd represents the space charge 
capacitance at the interface between the surface layer (< 0.5 nm) and the bulk for the pure 
TiO2 nanocrystals, or the interface between the amorphous surface layer (< 1-2 nm) and 
the bulk for the vacuum-treated TiO2 nanocrystals. 
The fitting results showed that the ohmic resistance of the vacuum-treated TiO2 
nanocrystals was a little higher (4.4 Ω) than that of the pure TiO2 nanocrystals (3.1 Ω). 
The resistances of charge transfer and lithium-ion transport were largely reduced for the 
vacuum-treated TiO2 nanocrystals compared to the pure TiO2 nanocrystals. The 
decrease/increase of charge transfer resistance at the interface for each component was 
accompanied by the decrease/increase of capacitance for that component (i.e., R1 ∼ C1, 
R2 ∼ C2, and Rcd ∼ Cd). The charge transfer resistance (R1) at the carbon/TiO2 electrode 
interface was reduced by the amorphous surface layer from 28.9 Ω to 6.9 Ω, 
accompanied by the space charge capacitance (C1) decreased from 4.2E-5 F to 9.5E-7 F. 
The lithium-ion transport resistance (R2) was reduced by the amorphous surface layer 
from 34.9 Ω to 12.7 Ω, accompanied by the double layer charge capacitance (C2) 
decreased from 0.02 F to 4.4E-5 F. The interfacial charge transfer resistance of the 
interface between the surface layers and the bulk for the pure TiO2 nanocrystals (Rcd) was 
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lower (2.2 Ω) than that of the interface between the amorphous surface layers and the 
bulk for the vacuum-treated TiO2 nanocrystals (8.0 Ω), accompanied by the increase of 
charge capacitance (Cd) from 1.1E-6 F to 5.4E-6 F. These results indicated that the lower 
charge capacitance or accumulation (C1 and C2) at the interface led to a lower charge 
transfer resistance (R1 and R1) or a breakdown of the formation of charge accumulation at 
these interfaces could reduce charge transfer resistance. It was possibly caused by the 
better adsorption and penetration into the amorphous surface layer. The higher space 
charge capacitance (Cd) at the interface between the amorphous surface layer and the 
bulk for the vacuum-treated TiO2 nanocrystals than that of the pure TiO2 nanocrystals 
suggested the charge accumulated between these layers. As for the Warburg charge 
diffusion resistance (Wo-R), the vacuum-treated TiO2 nanocrystals had a much smaller 
value (82.6 Ω) than the pure TiO2 nanocrystals (1287 Ω), which indicated that the charge 
transfer was much easier for the vacuum-treated TiO2 nanocrystals. As the charge 
transfer process was mainly limited by the most reluctant bulk diffusion in the electrode, 
the much smaller resistance (Wo-R) in the vacuum-treated TiO2 nanocrystals electrode 
was supposed to have a much better rate performance. Overall, the charge accumulation 
layer at the interfaces was broken down for charge transfer due to the breakdown of 
charge accumulation, and the charge transfer resistance in the bulk was largely reduced, 
so the performances of the lithium-ion battery was expected to be largely improved for 
the vacuum-treated TiO2 nanocrystals. This speculation was consistent with the results of 
the cycling performance tests. 
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Figure 4.13. EIS of the pure TiO2 nanocrystals and the vacuum-treated TiO2 nanocrystals. 
 
 
 
 
Scheme 4.1. The equivalent circuit modeling used to fit the EIS. 
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4.6 Relationships between Structure and Battery Performances 
As shown in Figure 4.15, the vacuum-treated TiO2 nanocrystals containing an 
amorphous outer layer outside the crystalline core was obtained by the vacuum treatment 
of the pure TiO2 nanocrystals. According to the TEM (Figure 4.1) and XRD results, both 
samples had a similar particle size around 10 nm. Different from the pure TiO2 
nanocrystals, the vacuum-treated TiO2 nanocrystals were reconstructed with an 
amorphous outer layer with a thickness around 1-2 nm. The Raman spectra (Figure 4.3) 
further proved this conclusion. The ESR measurement checked the creation of the oxygen 
vacancies on the surface of the vacuum-treated TiO2 nanocrystals. The XPS (Figure 4.6) 
provided the information that both samples had similar Ti 2p and O 1s spectra. It 
indicated that the differences between the two samples existed in the outer of the 
vacuum-treated TiO2 nanocrystals, while the main structures were almost identical. Both 
samples were used as an electrode material in half-cells and their cycling performances 
were tested thereafter. The vacuum-treated TiO2 nanocrystals had better battery 
performances than the pure TiO2 nanocrystals in terms of discharge capacity, Coulombic 
efficiency, and rate performance. It meant that the amorphous outer layer introduced by 
the vacuum treatment could have facilitated the charge transfer and the capacity retention 
of the electrodes. 
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Figure 4.15. Illustration of the vacuum-treated TiO2 containing the amorphous layer to 
facilitate charge transfer and the capacity retention. 
 
 
 
4.6.1 Structural Tolerance 
As can be seen in the high-resolution TEM (Figure 4.1 (E)), the vacuum-treated 
TiO2 nanocrystals had a large rough surface. Similar to the hydrogenated TiO2 
nanocrystals, there might have edges and corners on the atomic level that were more 
favorable for ion adsorption due to the possible surface dangling bonding available. 
Furthermore, as the surface of the vacuum-treated TiO2 nanocrystals was disordered, the 
lattice might have less thermodynamically metastable energetic states than the pure TiO2 
nanocrystals. Thus, the penetration of lithium-ions into the lattice of the host matrix 
might have been enhanced, and further resulted in lower lithium-ion transport resistance. 
This inference was consistent with the cycling performance tests. As for the pure TiO2 
nanocrystals, they had an ordered rigid surface that might not have provided a good 
interface to accommodate lithium-ions, causing low a discharge capacity (Figure 4.7 and 
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Figure 4.10 (A)), a variable Coulombic efficiency (Figure 4.8 (C)), and a poor rate 
performance (Figure 4.9 and Figure 4.11 (A)). Due to the large structural distortion 
tolerance, the vacuum-treated TiO2 nanocrystals might have accommodated lithium-ions 
much more easily, providing a high discharge capacity (Figure 4.7 and Figure 4.10 (A)), 
a stable Coulombic efficiency (Figure 4.8 (D)), and a good rate performance (Figure 4.9 
and Figure 4.11 (B)). 
 
4.6.2 Built-in Electric Field (BIEF) 
As indicated by the ESR results (Figure 4.5), the oxygen vacancies were 
successfully created during the vacuum treatment, resulting in an oxygen-vacancy 
adequate amorphous layer TiO2-x shell and a crystalline stoichiometric TiO2 core. The 
nonstoichiometric TiO2-x is a well-known n-type semiconductor,201,206-208 while the 
stoichiometric TiO2 is a typical i-type semiconductor.201,208 Then, the TiO2-x/TiO2 
shell/core will form an n-i heterojunction in the disordered/crystalline interface.208 A 
BIEF will be introduced across the interface. The direction of the BIEF will point to the 
core from the outer layer. Thus, under this field, the intercalation process of lithium-ions 
into TiO2 nanocrystals will become much easier (Figure 4.16 (A)). When lithium-ions 
have been fully intercalated into the TiO2 nanocrystals, the core will become LiyTiO2, a 
presumably intrinsic semiconductor. However, the disordered outer layer can hold much 
less lithium-ions than the crystalline core due to the existence of the oxygen vacancies. It 
will become Liy-2x-δTiO2-x, a relative p-type semiconductor to LiyTiO2. Again, a new 
BIEF will be formed in the core/shell interface. The direction of the BIEF will point out 
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to the disordered layer from the crystalline core. It will facilitate the transport of lithium-
ions from the core to the shell, helping the extraction of lithium-ions (Figure 4.16 (B)). At 
the same time, the movement of electrons is less favored under the BIEF. As electron 
diffusion coefficients are a few magnitudes higher than that of lithium-ions, it would only 
induce a smaller increase of electron resistance and gain a large reduction in the lithium-
ion diffusion resistance. Overall, the charge transfer resistance will be largely lowered 
because of the BIEF. As discussed before in the EIS analysis, the Warburg charge 
diffusion resistance (Wo-R) of the vacuum-treated TiO2 nanocrystals was much smaller 
(82.6 Ω) than the pure TiO2 nanocrystals (1287 Ω). That meant the BIEF did help to 
reduce the charge transfer resistance in the equivalent circuit modeling. As the charge 
transfer resistance process was mainly limited by the most reluctant bulk diffusion in the 
electrode, the much smaller resistance (Wo-R) in the vacuum-treated TiO2 nanocrystals 
electrode induced much battery rate performance. This result was further proved by the 
results of the actual tests. In summary, the enhancement mechanism of the diffusion of 
lithium-ions in the TiO2 nanocrystals under the help of the BIEF makes sense. Moreover, 
this mechanism opens a new concept for lithium-ion rechargeable battery research toward 
high power application. Additionally, this BIEF mechanism can also successfully explain 
the large enhancement of the battery performances of the previously reported 
crystalline/amorphous, core/shell, high capacity and high current silicon nanowire battery 
electrodes,209 and the recent high-rate, oxygen deficient TiO2-δ nanoparticles112 as well. 
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Figure 4.16. The illustration of the facilitation of charge transfer under the BIEF during 
(A) intercalation and (B) extraction processes. 
 
 
 
4.7 Summary 
In summary, through the vacuum treatment, the pure TiO2 nanocrystals were 
converted to the vacuum-treated TiO2 nanocrystals with a disordered amorphous outer 
layer containing oxygen vacancies covered on the crystalline core. The vacuum treatment 
was used as another modification method to improve the battery performances of TiO2 
nanocrystals. Compared with the pure TiO2 nanocrystals, the vacuum-treated TiO2 
nanocrystals displayed a better discharge capacity (131 mAh/g after 500 cycles), a near 
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100% Coulombic efficiency without noticeable degradation, and an improved high-rate 
performance. 
From the analysis of the galvanostatic charge/discharge profiles, it indicated that the 
disordered amorphous layer of the vacuum-treated TiO2 nanocrystals possessed a weaker 
chemical bonding between the transferred charge and host matrix. Besides, it provided a 
larger charge transfer depth. EIS was used to study the charge transfer process inside the 
cell. It was concluded that the charge accumulation layer at the interfaces was broken 
down for charge transfer due to breakdown of charge accumulation, and the charge 
transfer resistance in the bulk was largely reduced. Same as the hydrogenated TiO2 
nanocrystals, the large structural tolerance of the vacuum-treated TiO2 nanocrystals could 
be one possible reason to explain the improvement. In addition, the oxygen vacancies 
created by the vacuum treatment helped form a BIEF that facilitated the transport of 
lithium-ions during the charge/discharge processes. The concept of creating BIEF within 
the nanocrystal electrode materials via reconstructing the surface of crystalline electrode 
materials into amorphous structures at the nanometer scale could be a new approach for 
improving the battery performances. Although the actual value of the BIEF with the 
nanocrystals was not measured, from classical semiconductor theories, the BIEF did exist 
between the stoichiometric crystalline core and the amorphous nonstoichiometric shell 
with oxygen vacancies. The magnitude of the BIEF is expected to depend on the oxygen 
vacancy content in the amorphous layer. The transport of lithium-ions is expected to 
depend on the thickness of the amorphous layer and the crystalline core. Thus, the 
optimization of these parameters would probably further improve the performances of the 
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electrode materials. The amorphous layer coupled with the oxygen vacancy is necessary 
to make the BIEF with the crystalline core of stoichiometric composition. Meanwhile, 
this concept could be also applied to other battery material system to help make high 
energy, high power batteries. 
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CHAPTER 5  
DESIGN, PREPARATION AND PROPERTIES OF THE CARBON-COATED 
TITANIUM DIOXIDE NANOCRYSTALS 
(The main content of this chapter was published in Nano Energy, 2014, 6, 109-118 
entitled “Amorphous carbon-coated TiO2 nanocrystals for improved lithium-ion battery 
and photocatalytic performance” as research article.) 
5.1 Introduction 
As discussed before, the low electronic conductivity (10-4 S/cm)21 in the solid phase 
and the low diffusion coefficient of lithium-ions (10-11 to 10-13 cm2/s)112 are the two major 
difficulties that hinder the application of TiO2. One method to improve the electronic 
conductivity is to add a conductive phase. Among them, the carbon coating is a widely 
used method.141 
In this chapter, a thin layer of carbon coating was obtained by a vacuum 
decomposition-deposition process of the pure TiO2 nanocrystals. This carbon layer was 
supposed to increase the conductivity of the TiO2 nanocrystals, thereby the carbon-coated 
TiO2 nanocrystals were supposed to have better battery performances. Low-resolution 
TEM and high-resolution TEM, XRD, Raman, FTIR, and TGA were used to characterize 
the structure of the pure TiO2 nanocrystals and the carbon-coated TiO2 nanocrystals. 
Electrodes were made by both samples to compare their discharge capacity, Coulombic 
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efficiency, and rate performance. The carbon-coated TiO2 nanocrystals showed better 
battery performances than the pure TiO2 nanocrystals. EIS was used to analyze the 
electrochemical processes inside the cell. The relationships between the structure and the 
battery performances were also studied. 
 
5.2 Preparation 
The carbon-coated TiO2 nanocrystals were synthesized through a vacuum 
decomposition-deposition treatment process. The calcinated samples (the pure TiO2 
nanocrystals) and the uncalcinated samples were put separately into two beakers in the 
same vacuum chamber at 600 °C for 4 hours. The decomposition of the uncalcinated 
TiO2 precursor deposited a thin-layer of amorphous carbon on the surface of the pure 
TiO2 nanocrystals to obtain the carbon-coated TiO2 nanocrystals. The experiment 
methods were described in Chapter 2 in detail. 
 
5.3 Results and Discussions of Characterization 
5.3.1 Low-Resolution TEM and High-Resolution TEM 
The low-resolution, high-resolution TEM, and SAED patterns of the pure TiO2 
nanocrystals and the carbon-coated TiO2 nanocrystals are shown in Figure 5.1. Low-
resolution TEM images showed that both samples had a similar size around 10 nm 
(Figure 5.1 (A) and Figure 5.1 (C)). Also, the aggregations and overlaps could be 
observed. The SAED pattern of the pure TiO2 nanocrystals indicated the samples were 
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highly crystallized. As for the carbon-coated TiO2 nanocrystals, the thick and milky 
diffraction background besides the anatase diffraction rings suggested that the carbon-
coated TiO2 nanocrystals probably contained an amorphous carbon layer.196,197 The high-
resolution TEM images of the pure TiO2 nanocrystals (Figure 5.1 (B)) showed the 
samples were highly crystallized throughout the whole particle. As shown in Figure 5.1 
(D), the carbon-coated TiO2 nanocrystals might have been coated with a layer of carbon 
or embedded within an amorphous carbon matrix. This indicated that a carbon layer was 
successfully coated on the pure TiO2 nanocrystals.  
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5.4.2 Coulombic Efficiency 
The variations of Coulombic efficiency along with the charge/discharge versus cycle 
number for the first 100 cycles of the pure TiO2 nanocrystals and the carbon-coated TiO2 
nanocrystals are shown in Figure 5.7 (A) and Figure 5.7 (B), respectively. The two 
samples experienced a steady efficiency after around 50 cycles. For the first 20 cycles of 
the carbon-coated TiO2 nanocrystals, the Coulombic efficiency increased in the first 4 
cycles and showed a stead trend after that, different from that of the TiO2 nanocrystals 
(Figure 5.7 (C) and Figure 5.7 (D)). By the end of 100 cycles, the Coulombic efficiency 
of the pure TiO2 nanocrystals was around 99.6%, while the value of the carbon-coated 
TiO2 nanocrystals was around 99.7%. The better Coulombic efficiency of the carbon-
coated TiO2 nanocrystals than the pure TiO2 nanocrystals could be attributed to the 
special surface structure of the carbon-coated TiO2 nanocrystals. 
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at 1C. As can be seen clearly, the discharge capacity decreased as the charge rate 
increased. Besides, the carbon-coated TiO2 nanocrystals performed much better than the 
pure TiO2 nanocrystals at the same rate condition, especially at high rates. For the first 18 
cycles, the capacity of the carbon-coated TiO2 nanocrystals was 58 mAh/g at 20C rate 
and 23 mAh/g at 50C rate, 65.7% and 228.6% higher than the value of the pure TiO2 
nanocrystals (35 mAh/g at 20C rate, 7 mAh/g at 50C rate), respectively. For the next 18 
cycles, the discharge capacity of both samples increased compared to the case where both 
the charge/discharge rates were the same. Similar to the hydrogenated TiO2 nanocrystals 
and the vacuum-treated TiO2 nanocrystals, the carbon-coated TiO2 nanocrystals had 
much higher discharge capacity than the pure TiO2 nanocrystals, especially for the high 
rates. The capacity of the carbon-coated TiO2 nanocrystals was 137 mAh/g at 20C rate 
and 103 mAh/g at 50C rate, 65.1% and 194.3% higher than the value of the pure TiO2 
nanocrystals (83 mAh/g at 20C rate, 35 mAh/g at 50C rate). The high charge rate makes 
fast charging possible. For example, it would take around 1 hour (1C rate) to charge for 
the pure TiO2 nanocrystals, but only about 6 minutes (10C) for the carbon-coated TiO2 
nanocrystals. Apparently, the carbon-coated TiO2 nanocrystals displayed a much better 
rate performance than the pure TiO2 nanocrystals. It was possibly caused by the lower 
energy barrier of the transport of lithium-ions across the interface. 
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Figure 5.8. Comparison of the discharge capacities of the pure TiO2 nanocrystals and the 
carbon-coated TiO2 nanocrystals at various charge rates. 
 
 
 
Table 5.1. Rate performance of the pure TiO2 nanocrystals and the carbon-coated TiO2 
nanocrystals at various charge rates. 
  Sample 1C 2C 5C 10C 20C 50C 
Discharge 
capacity/ 
mAh/g 
1-18 cycles 
(Symmetricb) 
Purea 144 124 90 65 35 7 
Carbonc 176 154 115 87 58 23 
19-36 cycles 
(Asymmetricd) 
Purea 157 143 123 105 83 35 
Carbonc 185 178 169 156 137 103 
aPure means the pure TiO2 nanocrystals. 
bSymmetric means charge rate equals discharge rate. 
cCarbon means the carbon-coated TiO2 nanocrystals. 
dAsymmetric means discharge rate equals 1C. 
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5.4.4 Analysis of Galvanostatic Charge/Discharge Profiles 
The galvanostatic charge/discharge profiles for the first cycle at C/25 rate, 35th cycle 
at 1 C rate, and 100th cycle at 1C rate for the electrode made of the pure TiO2 
nanocrystals and the carbon-coated TiO2 nanocrystals are shown in Figure 5.9 (A) and 
Figure 5.9 (B), respectively. It is easily seen that the carbon-coated TiO2 nanocrystals had 
larger charge/discharge plateaus and smaller potential differences between the charge and 
discharge cycle than the pure TiO2 nanocrystals in these cycles. The average potential 
difference between the charge and discharge cycle of the carbon-coated TiO2 
nanocrystals was about 0.10 V, 47.4% smaller than that of the pure TiO2 nanocrystals 
(0.19 V). Same as the previous discussions, the smaller potential differences indicated the 
decreased charge transfer resistance and the larger charge/discharge plateaus suggested 
that the host matrix materials were effectively involved with the charge 
insertion/distraction during the charge/discharge processes. Overall, the charge transfer 
was smoother in the carbon-coated TiO2 nanocrystals than that in the pure TiO2 
nanocrystals. 
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Figure 5.9. Galvanostatic charge/discharge profiles for the first cycle at C/25 rate, 35th 
cycle at 1 C rate, and 100th cycle at 1C rate for the electrode made of (A) the pure TiO2 
nanocrystals and (B) the carbon-coated TiO2 nanocrystals. 
 
 
 
The galvanostatic charge/discharge profiles at various charge rates for the electrode 
made of the pure TiO2 nanocrystals and the carbon-coated TiO2 nanocrystals are shown 
in Figure 5.10 (A) and Figure 5.10 (B), respectively. The carbon-coated TiO2 
nanocrystals showed both higher discharge capacity and larger charge/discharge plateaus 
between the charge/discharge cycles at each charge rate than the pure TiO2 nanocrystals 
at the same rate. Again, that meant the charge transfer in the host matrix was smoother in 
the carbon-coated TiO2 nanocrystals than in the pure TiO2 nanocrystals. 
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are listed in Table 5.2. RS represents the ohmic resistance, including the bulk resistance of 
the electrolyte, separator, and the electrode. R1 represents the charge transfer resistance at 
the TiO2/carbon/electrolyte interface. Rcpe represents the lithium-ion transport resistance 
at the TiO2/carbon/electrolyte interface. Wo-R is the Warburg charge diffusion resistance 
in the TiO2 electrode. Wo-T is Warburg diffusion time, which equals L2/D in the electrode, 
where L is the length of the diffusion layer in the electrode and D is the diffusion 
coefficient in the electrode. Wo-P is the Warburg exponent. C1 is the space charge 
capacitance at the carbon/electrode interface. CPE-T represents the time constant 
component of the constant phase element (CPE), which is approximate to the double 
layer charge capacitance in the TiO2/electrolyte interface. CPE-P represents the 
exponential part of the constant phase element. 
The fitting results showed that the charge and lithium-ion transport resistances of the 
carbon-coated TiO2 nanocrystals were smaller than those of the pure TiO2 nanocrystals. 
The ohmic resistance of the carbon-coated TiO2 nanocrystals was slightly reduced, which 
suggested that the electrical contact between the electrode materials and the copper coil 
of the carbon-coated TiO2 nanocrystals was better than that of the pure TiO2 nanocrystals. 
The charge transfer resistance (R1) at the carbon/TiO2 electrode interface was reduced by 
the carbon-coated surface layer from 5.6 Ω to 4.1 Ω, accompanied by the space charge 
capacitance (C1) decreased from 1.60E-5 F to 1.56E-5 F. The lithium-ion transport 
resistance (Rcpe) was reduced by the carbon-coated surface layer from 104.7 Ω to 48.2 Ω, 
accompanied by a slight increase of double layer charge capacitance (CPE-T) from 
1.70E-5 F to 1.72E-5 F. The Warburg charge diffusion resistance of the carbon-coated 
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Scheme 5.1. The equivalent circuit modeling used to fit the EIS. 
 
 
 
Table 5.2. The fitted EIS results from the equivalent circuits. 
 RS/Ω R1/Ω Rcpe/Ω Wo-R Wo-T Wo-P C1/F CPE-T/F CPE-P
Purea 3.73 5.6 104.7 56.6 3.3 0.26 1.60E-5 1.70E-5 0.86 
Carbonb 2.17 4.1 48.2 41.6 9.1 0.33 1.56E-5 1.72E-5 0.88 
aPure means the pure TiO2 nanocrystals. 
bCarbon means the carbon-coated TiO2 nanocrystals. 
 
 
 
5.6 Relationships between Structure and Battery Performances 
As illustrated in Figure 5.13, a thin carbon layer was obtained for the carbon-coated 
TiO2 nanocrystals by the vacuum decomposition-deposition treatment of the pure TiO2 
nanocrystals. According to the TEM (Figure 5.1) and XRD results, both samples had a 
similar particle size around 10 nm. Different from the pure TiO2 nanocrystals, the carbon-
coated TiO2 nanocrystals were covered or embedded with an amorphous carbon outer 
layer. The Raman spectra (Figure 5.3) of both samples could easily differentiate the 
structural differences. The TGA results further quantitated the amount of the amorphous 
carbon (4.6 wt%). Both samples were used as an electrode material in half-cells and their 
cycling performances were tested thereafter. The carbon-coated TiO2 nanocrystals had 
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as the surface was disordered in the outer layer of the carbon-coated TiO2 nanocrystals, 
the lattice might have less thermodynamically metastable energetic states than the pure 
TiO2 nanocrystals. Thus, the penetration of lithium-ions into the lattice of the host matrix 
might have been enhanced. Therefore, the carbon-coated TiO2 nanocrystals had lower 
lithium-ion transport resistance than the pure TiO2 nanocrystals. The EIS analysis and the 
battery testing results further proved this speculation. However, for the pure TiO2 
nanocrystals, they had an ordered rigid surface that might not have provided a good 
interface to accommodate lithium-ions, causing a low discharge capacity (Figure 5.6 and 
Figure 5.9 (A)), a variable Coulombic efficiency (Figure 5.7 (C)), and a poor rate 
performance (Figure 5.8 and Figure 5.10 (A)). Also, due to the large structural distortion 
tolerance, the carbon-coated TiO2 nanocrystals could have accommodated lithium-ions 
much more easily, providing high a discharge capacity (Figure 5.6 and Figure 5.9 (B)), a 
stable Coulombic efficiency (Figure 5.7 (D)), and a great rate performance (Figure 5.8 
and Figure 5.10 (B)). 
 
5.6.2 Carbon-Coated Layer 
As low conductivity is one of the two major difficulties that hinder the intercalation 
and extraction of lithium-ions in TiO2,
21
 the improvement of conductivity could have a 
positive influence on the battery performances. Hence, the carbon-coated TiO2 
nanocrystals that contained 4.6 wt% of amorphous carbon could be possible to improve 
the conductivity of the TiO2 nanocrystals. Furthermore, as reported by Park et al.,
141
 the 
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thin carbon layer could serve as a dispersant to prevent agglomerations. This could also 
be another explanation for the improvement. 
Similar to the vacuum-treated TiO2 nanocrystals, the carbon-coated TiO2 
nanocrystals went through a vacuum treatment process. Thus, the oxygen vacancies 
might have been created by the reduction of TiO2 with carbon at a high temperature.210 
As discussed in Chapter 5, the oxygen vacancies had shown the ability to lower the 
charge transfer resistance due to the existence of the BIEF. 
 
5.7 Summary 
In this chapter, the vacuum decomposition-deposition treatment was used as the 
third modification method to improve the battery performances of TiO2 nanocrystals. 
After this treatment process, the pure TiO2 nanocrystals were converted to the carbon-
coated TiO2 nanocrystals. A disordered amorphous layer containing around 4.6 wt% 
carbon was covered on the crystalline core. Compared with the pure TiO2 nanocrystals, 
the carbon-coated TiO2 nanocrystals displayed a better discharge capacity (166 mAh/g 
after 100 cycles), a near 100% Coulombic efficiency without noticeable degradation, and 
an improved high-rate performance. 
The analysis of the galvanostatic charge/discharge profiles indicated that the 
amorphous carbon layer of the carbon-coated TiO2 nanocrystals possessed a weaker 
chemical bonding between the transferred charge and host matrix. It also provided a 
larger charge transfer depth. The large structural tolerance of the carbon-coated TiO2 
nanocrystals could be one possible explanation to the improvement. Furthermore, this 
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improvement could also be attributed to the improvement of conductivity after the 
introduction of carbon and the carbon layer could be served as a dispersant to prevent 
agglomerations.141 As the carbon-coated TiO2 nanocrystals went through a vacuum 
treatment, the oxygen vacancies might have been created to during this process and 
helped lower the charge transfer resistance in the amorphous carbon layer. 
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CHAPTER 6  
CONCLUSION 
6.1 Structural Similarity 
Three kinds of the modified TiO2 nanocrystals were discussed in this dissertation. 
According to the study of the structural and electronic properties, the hydrogenated TiO2 
nanocrystals, the vacuum-treated TiO2 nanocrystals, and the carbon-coated TiO2 
nanocrystals all showed a disordered amorphous outer layer covering on the crystalline 
core. The battery performance tests showed that the three modified TiO2 nanocrystals had 
better discharge capacity, Coulombic efficiency, and rate performance than the pure TiO2 
nanocrystals, which indicated that these disordered amorphous outer layer played a role 
in improving the battery performances. 
 
6.2 Mechanism Differences of Improved Battery Performances 
Although all the three modified TiO2 nanocrystals had a disordered amorphous outer 
layer and showed the improvement of the battery performances, the reasons for the 
improvement were different. Through hydrogenating of the pure TiO2 nanocrystals, the 
hydrogenated TiO2 nanocrystals were generated by the incorporation of hydrogen under a 
high pressure and an elevated temperature. Meanwhile, their arrangement of the atoms on 
the surface layers were changed compared to the pure TiO2 nanocrystals. This
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disordered amorphous outer layer possessed the structural tolerance to accommodate 
more lithium-ions. Also, it might have provided a possibility of the faster ion exchange 
and hydrogen mobility that helped realize better charge transfer efficiency and capacity 
retention efficiency. 
When the pure TiO2 nanocrystals underwent a vacuum treatment at a relatively low 
vacuum level (1-2 mTorr) and a low temperature (500 °C), a disordered amorphous outer 
layer that contained the oxygen vacancies was generated. The new modified TiO2 
nanocrystals are called the vacuum-treated TiO2 nanocrystals. This special outer layer 
provided not only the structural tolerance to accommodate more lithium-ions, but also the 
oxygen vacancies to form a BIEF that facilitated the transport of lithium-ions during the 
charge/discharge processes. 
As for the carbon-coated TiO2 nanocrystals, they were converted under a vacuum 
decomposition-deposition treatment process of the pure TiO2 nanocrystals. Similar to the 
hydrogenated TiO2 nanocrystals and the vacuum-treated TiO2 nanocrystals, the carbon-
coated TiO2 nanocrystals that contained a special disordered outer layer, possessed the 
structural tolerance to accommodate more lithium-ions. Meanwhile, as carbon was 
introduced during this treatment, this layer also contained carbon that might have played 
a role in improving the conductivity of the TiO2 nanocrystals, as well as served as 
dispersant to prevent agglomerations. Moreover, as the carbon-coated TiO2 nanocrystals 
also underwent a vacuum treatment, the oxygen vacancies that could have formed a BIEF 
might have been created. As the BIEF could facilitate the transport of lithium-ions during 
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the charge/discharge processes, this could also be one possible reason to explain the 
improved battery performances. 
 
6.3 Comparison of Battery Performances for Three TiO2 Nanocrystals 
The three modified TiO2 nanocrystals had different performances of the 
improvements. For discharge capacity, the vacuum-treated TiO2 nanocrystals and the 
carbon-coated TiO2 nanocrystals performed better than the hydrogenated TiO2 
nanocrystals. After 100 cycles, the discharge capacity of the hydrogenated TiO2 
nanocrystals, the vacuum-treated TiO2 nanocrystals, and carbon-coated TiO2 nanocrystals 
was 138 mAh/g, 155 mAg/g, and 166 mAh/g, respectively. As for the Coulombic 
efficiency, both the hydrogenated TiO2 nanocrystals and the vacuum-treated TiO2 
nanocrystals had the efficiency of 99.9% after 100 cycles, while the value of the carbon-
coated TiO2 nanocrystals was 99.7%. In general, the vacuum-treated TiO2 nanocrystals 
and the carbon-coated TiO2 nanocrystals had better rate performance than the 
hydrogenated TiO2 nanocrystals regardless of the symmetry of the charge and discharge 
rates as shown in Figure 6.1 and Figure 6.2. At low charge rates (e.g. 1C), the carbon-
coated TiO2 nanocrystals had higher discharge capacities than the vacuum-treated TiO2 
nanocrystals. However, as the rates went higher (>2C), the vacuum-treated TiO2 
nanocrystals showed higher discharge capacities than the carbon-coated TiO2 
nanocrystals, which meant that the vacuum-treated TiO2 nanocrystals were more suitable 
for high-rate applications, while the carbon-coated TiO2 nanocrystals worked better for 
low-rate batteries. 
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When cycling number exceeded 100, although the three modified TiO2 nanocrystals 
did not really break the maximum intercalation limitation of anatase (167.5 mAh/g, x = 
0.5), the three modified TiO2 nanocrystals did make big improvements compared to the 
pure TiO2 nanocrystals. Most importantly, the three strategies used in this dissertation 
provide new ways to modify the surface of nanomaterials, which can be used in other 
applications as well as the battery development. 
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